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Abstract 
The performance of various designs of outdoor noise barrier has been investigated us- 
ing numerical modelling and full scale experiments. 
The numerical modelling has been performed using a two-dimensional boundary ele- 
ment method. The model has been extended to allow the efficient simulation of barrier 
arrangements on ground having two distinct impedance values and cross-sections incorpo- 
rating cuttings. 
It has been reported previously that the performance of a plane screen can be enhanced 
by adding a device to the top of the barrier to induce destructive interference. Full scale 
modelling and boundary element simulations have been performed on one such commer- 
cially available device. It has been shown that, taking the height increase into account, the 
major contribution to the improved performance is the presence of two diffracting edges 
rather than any inteiference effects generated. 
It is known that the performance of a single barrier is degraded following the introduc- 
tion of a barrier on the opposite side of a source. Boundary element simulations of such 
parallel arrangements have been performed. Modifications have been proposed to reduce 
the over-estimation of multiple reflections within the model, together with a method for 
converting predictions to the equivalent point source values. Sound absorptive, tilted and 
median barriers have been shown to be effective in reducing the degradation. 
A multiple-edge barrier configuration is known to offer improved screening perfor- 
mance over a plane screen. Reported in-situ measurements have suggested the behaviour 
to be influenced by site geometry. Boundary element calculations have been performed 
to identify a more efficient variant of the device. The results suggest the addition of an 
inclined base panel to be most effective. 
The boundary element model has been used to investigate the effect of shape and 
surface treatment upon railway noise barriers. The model has been adapted to allow 
the use of dipole sources characteristic of railway noise. The cross-section of the rolling 
stock has been shown to affect the performance of rigid barriers. If the upper'edges are 
coincident, the results suggest that simple absorptive barriers provide better screening 
than tilted designs. The addition of multiple edges further enhances performance. 
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With the increasing volumes of traffic present on major road systems and the in- 
troduction of faster trains on mainline rail networks, the problem of environmental 
noise generated by road/rail transport is becoming more significant. The abatement 
of such noise can be achieved, with varying degrees of success, using any of three 
principal measures. These are treatment directly at the source position, treatment 
at the locations where the noise levels are identified as being a nuisance or unac- 
ceptable, and modification of the propagation path between the source and receiver. 
Various methods can be adopted for reducing the noise directly at source. Engine 
noise can be substantially reduced through modifications to the exhaust systems, 
transmission etc, e. g. [1121, or by enclosing the engine. For road traffic at speeds 
above 60 km/h "rolling noise", Le. noise generated by the interaction between the 
tyre and road surface, becomes the dominant source component. Several studies, 
e. g. [41], have reported on the effects of modifications to the tyres, whilst porous 
road surfaces [93,94,28] have been shown to be effective at reducing rolling noise by 
allowing the dissipation of trapped air in the tread grooves of the tyre. However, the 
modification of existing vehicles is unlikely in the absence of mandatory measures, 
and porous road surfaces are not widely used. Reducing vehicle speeds is a further 
option, although more applicable to urban areas, through the introduction of traffic 
1 
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calming measures, although this can generate problems in other areas such as air 
pollution from increased exhaust emissions etc. Similarly, wheel/rail interaction is 
a dominant component of railway noise. Reduction through modifications to the 
wheels and rails, e. g. [51], or the use of bogie shrouds [67] have been previously 
reported. At speeds above 250 - 300 km/h, aerodynamic noise has been identified 
as becoming a significant component, although the problem is not treated easily. 
'keatment directly at the receiver is more difficult to achieve, especially since 
noise reduction is rarely required over a very small area. Within dwellings, the in- 
troduction of sound insulation to air gaps, doors and windows is the most frequently 
applied solution. However such measures can be costly to implement and there is 
no reduction of noise levels outside the dwelling. 
I 
Modification of the propagation path can be considered in several ways. In the 
development of new road/rail schemes, space permitting, increased source/receiver 
separation can be introduced. Attenuation through enhancement of the ground ef- 
fect is a further possibility. However, the introduction/improvement of abatement 
measures is frequently necessary to provide screening from existing sources. Conse- 
quently, the most common means of modifying the propagation path is through the 
introduction of barriers and screens, the most effective placemeni being as close to 
the source(s) as possible. 
Developments in materials and surface treatments continue to improve the screen- 
ing potential of plane vertical barriers. This is particularly important in cases where 
reflected sound is propagated back in the direction of the receiver position, e. g. par- 
allel barriers on either side of the track/carriageway, or in the presence of high-sided 
vehicles. However attenuation requirements are not the sole factor determining bar- 
rier design. Planning restrictions, visual preferences and structural performance all 
influence the chosen form of the structure. The requirement for improved screening 
with minimal height increase has led to the investigation and development of de- 
signs other than plane screens, including tilted barriers, e. g. [83,59,109], capped 
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barriers, e. g. [47,58], interference devices, e. g. [65,1221, multiple-edge barriers, e. g. 
[25,26,1211 and other novel designs, e. g. [98,80,2]. 
It has therefore become increasingly important that accurate design tools are 
available for the design/development of noise barriers. The techniques available 
include experimental scale modelling, full scale modelling, and theoretical prediction 
methods. 
Most of the theoretical methods which have been developed are semi-empirical 
and based on ray tracing and geometrical acoustics. Two of the most influential 
studies were those of Maekawa [77] and Kurze and Anderson [73]. These predicted 
the insertion loss of a reflecting knife-edge screen based on the Fresnel number, 
N= 25/A, where J is the path difference between the direct wave and that diffracted 
over the top of the barrier, and A is the wavelength of the incident sound wave. The 
methods have been applied to predict the insertion loss of a rigid vertical screen on 
the ground, and form the basis for the treatment of barriers in variation prediction 
methods including the standard UK prediction methods for road traffic and railway 
noise [32,33,341. They have also been extended to cope with diffraction from reflect- 
ing wedges [78]. However these methods only predict the amplitude of the diffracted 
sound field. Other work, e. g. [68,43], has been reported using geometrical diffrac- 
tion theory to predict the effects of different barriers, which allows approximation of 
both the phase and amplitude of the diffracted sound. Comparisons of the different 
methods have been reported by Isei et al [66] and Nicolas et al [95]. In addition, the 
use of approximations of spherical wave reflection coefficients have been reported, 
e. g. see [30,104,40], to allow for the inclusion of reflections from the ground and 
barrier surfaces of finite impedance. 
The application of the boundary element method to outdoor sound propagation 
was first reported by Daumas [29] for predicting the acoustic field around vertical 
screens on a flat rigid ground surface. The application of the technique to barriers of 
arbitrary cross-section and more complicated absorptive treatment was introduced 
CHAPTER 1. INTRODUCTION 
by Seznec [108] and developed in [13,16,57]. It is the flexibility of the method with 
regards to these characteristics which provides the main advantage over geometri- 
cal techniques based upon diffraction. With continuing developments in computer 
technology the method is becoming increasingly cost effective, particularly relative 
to either full-scale or scale model experiments. As with the theoretical approaches 
mentioned above, modelling is largely restricted to propagation in homogeneous at- 
mospheres although recent attempts have been made to overcome this [76,75] - The 
method is best adapted to modelling situations where the ground is basically flat 
and homogeneous with little deviation other than for noise barriers and/or strips of 
different ground type, each of relatively short surface length. 
Scale model experiments have been widely reported in the development of more 
efficient barrier designs, e. g. [82,64,801. However full scale measurements are the 
most effective means of evaluating barrier performance. Full scale in-situ tests , e. g. 
[46,121,21], are preferable since the impact of specific physical and environmental 
factors upon the behaviour of a barrier can be directly observed. The high cost 
of barrier construction/modification and the need to account for any variability in 
traffic flow and therefore source strength mean that short term studies investigating 
different barrier designs are impractical. An alternative is full scale testing on a 
purpose-built test facility as in [118,119,120,122]. In such circumstances test 
conditions are far more controlled, particularly with regards to the source, and 
shorter barrier lengths can be tested, reducing costs. Such an approach is much 
better suited for short term investigations. 
In this thesis a study is presented of the performance of different types of noise 
barrier which can be used for the abatement of noise from roads and railways. 
Both theoretical and full scale measurement techniques have been used to assess the 
efficiency of different configurations. 
The theoretical results presented in the thesis have largely been obtained through 
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the application of the two-dimensional boundary element numerical method devel- 
oped in [13,16,57]. The mathematics of the method, together with the inherent 
advantages and disadvantages are discussed. The method has been applied in the 
form of a computer model, the operation of which is discussed. Two significant 
modifications of the existing method are presented and assessed. The first improves 
the computational efficiency of the method for the study of cross-sections in which 
the noise barrier or barriers sit on flat ground consisting of ground of two distinct 
impedance values, whilst maintaining accuracy of solution. The second modification 
allows for the efficient modelling of cross-sections incorporating a cutting, using an 
extension of ideas from the first modification. Comparisons with results obtained us- 
ing equivalent cross-sections and the standard 2-D method are made and discussed. 
An application of the first of these. modifications to the study of the combined effect 
of noise barriers and porous road surfaces has been reported elsewhere [124,123]. 
One means which has been proposed for improving the screening performance of 
a plane screen with minimal increase in height is through the addition of an "inter- 
ference device" at the top of the barrien Such a device allows sound propagation 
by some path in addition to that of diffraction directly over the top of the barrier, 
hopefully creating, by means of a difference in phase, destructive interference be- 
tween the two paths. A review of previous work is presented. Full scale testing 
and boundary element simulations are used to assess the performance of one such 
device, which is commercially available and used extensively for noise abatement on 
Japanese railways. The construction of the device is such that the increased attenu- 
ation may not be attributable solely to interference effects. Various tests have been 
conducted to identify the relative contribution of the attenuation modes. 
The 2-D boundary element method has been used to study the efficiency of 
parallel barrier arrangements, for the case of a single barrier on either side of the 
carriageway. A brief review of previous work is presented. To improve the agreement 
between the theoretical and measured results, a modification is presented to the way 
in which the method is implemented by reducing the number of multiple reflections 
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between barrier surfaces. A technique for adapting the 2D line source results - to 
their point source equivalents is proposed for simple cases. A comparison of these 
numerical predictions, for both the original and modified cases, is made with results 
obtained using the standard UK road traffic noise prediction method. Discrepancies 
between theoretical predictions and the results of a previous full-scale experimental 
study [120] are discussed, including the effect of introducing low barriers to the 
central reservation. 
A multiple edge noise barrier profile has been developed which offers an improve- 
ment in barrier screening without any increase in height [25,26]. Full scale in-situ 
tests of this profile have been previously conducted [121] under a range of different 
physical conditions. These tests and the corresponding conclusions are summarised. 
In response to the conclusions reached, theoretical simulations using the 2-D bound- 
ary element method have been carried out with the aim of identifying the optimum 
profile of the device. The logic behind the optimisation and results are presented 
and discussed, together with the implications for the use of multiple edge barrier 
configurations in real situations. 
Noise nuisance from railways has become a major concern particularly near lines 
which carry heavy traffic at high speeds. A study is presented of the performance of 
various trackside noise barriers for railways, determined using the boundary element 
method. The basic method described in Chapter 2 uses monopole sources and has 
been adapted to allow. the sources to exhibit dipole-type radiation characteristics. 
A comparison of boundary element predictions is made with results obtained using 
the standard UK prediction method. The effect of the profile of the rolling stock on 
barrier efficiency is examined, together with the effect of changing the shape of the 
noise barrier whilst fixing the Position of the upper edge relative to the structure 
gauge. 
Parts of this thesis have been previously published in conference proceedings and 
scientific journals [87,88,122,89,90,91,124]. 
Chapter 2 
The Boundary Element Method 
As observed in Chapter 1, the theoretical results presented in this thesis have largely 
been obtained using the 2-D boundary element method. The application of the 
method to the study of noise barriers on level ground has been well documented in 
previous studies [13,16,57,58,26]. In all instances, the method has been applied 
in the form of a computer model. In this chapter the theory behind the boundary 
element method is outlined, together with an explanation of the operation of the 
computer program. It is observed that in certain instances, the method is inefficient 
in terms of the computation time required. Modifications axe presented which are 
intended to overcome this problem for two types of cross-section whilst maintaining 
numerical accuracy; these cross-sections are those in which the noise barrier(s) sit on 
flat ground comprised of ground of two distinct impedance values or where the noise 
source is located in a cutting. Comparisons with the existing boundary element 
method are presented and discrepancies between the two discussed. 
2.1 The Existing Boundary Element Method 
The following simple situation is used as the basis of the method: 
The system is constrained to a two-dimensional geometry by assuming that all 
geometrical and acoustical properties in the z-direction are constant. Within this 
system, a mono-frequency source is positioned at some point in a homogeneous 
medium which lies above a locally reacting homogeneous boundary (of normalised 
7 
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surface admittance P. ) - The medium is assumed to be at rest in the absence- of 
any sound waves. The equivalent three-dimensional source is therefore defined as a 
coherent line source of infinite length and parallel to the z-axis. 
Such a source would not occur in outdoor sound propagation; in this situation the 
problem would be based around one or more point sources. In the case of road/rail 
traffic, noise is received from many sources moving along the carriageway/track 
and can reasonably be *approximated by an incoherent line source of sound. How- 
ever results from the numerical method can be related to practical measurements. 
Predictions of excess attenuation and insertion loss agree very well with analytical 
solutions [571 and measurements using a point source for both scale model [16,24,26] 
and full scale experiments [118,122]. Further, comparisons between predicted re- 
sults and full scale measurements are presented in Chapters 3-5 and a method of 
converting the two-dimensional boundary element results to the equivalent point 
source values is detailed in Chapter 4. The point source is located on the axis of 
the line source and in the same vertical plane as the receiver, perpendicular to the 
barrier. Scale model tests [721 have indicated that sound pressure levels measured 
behind a barrier for an incoherent line source compare favourably with values calcu- 
lated for an array of point sources (using the method of Maekawa [77]). It was also 
observed that although the attenuation of an incoherent line source by a barrier is 
3-5 dB less than Maekawa's predictions for a point source at normal incidence, the 
relative screening efficiency of barriers for such sources is similar. 
Although the boundary element method can be extended to three-dimensions 
[99,37], the two-dimensional approach is less computationally expensive. 
An obstacle (in this case, a noise barrier) lies on the plane. It is assumed that the 
axis of the barrier is parallel to the axis of the source and that the barrier is of infinite 
length and has uniform cross-section and surface treatment along that length. This 
system is shown diagrammatically in Figure 2.1. D denotes the region of propagation 
which lies entirely in the upper half-plane, aD is the boundary (ground surface) 
which lies on the line V=0 and -y denotes the barrier surface. It should be noted 
that part or all of y may lie in the ground surface, and that -y need not be connected. 
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D 
Figure 2.1: The basic two-dimensional situation for acoustic propagation 
9 
Let p(r, ro) denote the acoustic pressure at an arbitrary point r= (x, y) in the 
medium due to a source at ro = (xo, yo). As with the boundary, the barrier surface 
is assumed to be locally reacting, with P(r, ) the normalized surface admittance at 
the point r, = (x, , y. 




where pc (p is the density and c is the sound speed)- is the acoustic impedance 
of the medium and Z(r. ) is the acoustic impedance of the surface at r., Le. the 
ratio between the acoustic pressure and the normal fluid velocity at point r, on the 
surface. For these conditions p(r, ro) satisfies the following boundary value problem 
(BVP) in D :=DU i9D, 
1. the Helmholtz equation, 
(V2 + k2)p(r, ro) = J(r - ro), 
2. the impedance boundary condition 
ap(r, ro) 
k. jp (r, ro), an(r) 
(2.2) 
E DDI (2.3) 
with P(r) = P, ., rE 
aD \, y; 
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3. the Sommerfeld radiation conditions 
ap(r, ro) 1), 
Or - 
ikp(r, r o) = o(r-2 (2.4) 
p(r, ro) = O(r-2 
as r -+ oo. 
In the above equations, k is the wavenumber, r := Irl and a/an(r) is- the partial 
derivative in the direction of the normal at r on aD directed out of D. In addition, 
the normalised surface admittance fi is assumed to satisfy either that, 8(r) =0 (rigid 
boundary) or that RI, 8(r)} >0 (absorbing boundary), for all rE i9D. 
It can be shown using Green's first theorem that the BVP has, at most, one 
solution (14]. 
To use a boundary element method (BEM), the problem must be reformulated 
as a boundary integral equation (BIE). This requires a fundamental solution of 
the Helmholtz equation which also satisfies the Sommerfeld radiation conditions. 
The simplest fundamental solution is the free field Green's function defined by the 
equation 
Gf (r, ro) I HO(l) (k Ir- ro 4 
(2.5) 
where H(l) is the Hankel function of the first kind of order zero. For reasons that 0 
will become clear it is preferable to use the Green's function for the upper half-plane 
y>0 with homogeneous impedance boundary condition on y=0 with constant 
admittance P, _. 
Let G& (r, ro) denote this Green's function, i. e. GP. is the solution 
to the above boundary value problem, (2.2,2.3) 2'. 4), in the case when no barrier is 
present, aD coincides with y=0, and 0 
From [45], G, 6,, (r, ro) can be expressed in the form 
G, oc , 
(r, ro), (r, ro) = Gf (r, ro) + Gf (r, ro) + Pýr 
(2.6) 
where Gf (r, ro) is the direct wave contribution, Gf (r, ro) is the reflected wave con- 
tribution (where ro : -- (xo, -yo) is the image of the source in the half plane) and 
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(r, ro) is the correction factor for an impedance boundary, defined such that for Ppr 
all r, ro E D, 
Pp. (r, ro) = Ppr (2.7) , 
(k (x - xo), k (y + yo)) 
where, for 6ER, y>0, 
92)1 2 
ß. (e, n) = -& 




- S2) -L 
«1 
- S2) -' + 22 
and 
Rý (1 _ S2) 
11& 2ý(1 S2) -! 
1 
The efficiency of the BEM depends upon the efficient calculation'of G& (r, ro). Ef- 
ficient polynomial approximations to the Hankel function TIO(l) are given in [11 and 
efficient, accurate approximations for P (r, ro) given in [17] 
r) and p(., ro) it can By applying Green's second theorem to the functions G, 6, 
be shown [141 that p(r, ro) satisfies the following boundary integral equation 
, 9G#c (r)p (r, ro) = G& (r, ro) + 
(r., r) 
_ ik#(r, )Gp,, (r,, r) p(r,, ro)ds(r, ), 
4( 
i9n(r, ) (2.9) 
where ds (r, ) denotes the arc length of an element on -y at r= (x, y. ), and C (r) =1 
when r lies anywhere in D except on the barrier surface y; E(r) = ! -if r 
is at some 2 
point on 7 which is not a corner point; -(r) = Q/(27r), if r= (x, y) is a corner point 
on y where y>0, where Q is the angle in the medium subtended by two tangents to 
the boundary at r; e(r) = Q/7r if r= (x, 0) is a corner point on the ground surface; 
E (r) =1 if r= (x, 0) is on the ground surface but not a corner. 
Note that (2.9) expresses the pressure at any arbitrary receiver in the region D 
solely in terms of the pressu re on y. To solve (2.9) numerically a boundary element 
collocation method can- be used as follows. 
First -y is approximated as a polygonal arc consisting of N straight line segments, 
yl, y2 ...... yN. Denoting the midpoint and length of' each boundary element as rn 
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(x,,, and h,, respectively, (2.9) can be approximated by 
c(r)p(r, ro) ý- Gpr 
aGO. (r,, r) 
, 
(ro, r) + 
n=l i9n(r. ) 
-ik#(r, )G, O, (r,, r)l p(r,, ro)ds(r, ) 
N 
Gp. (ro, r)+EIB(r, -/,, )-ikfl(r,, )C(r,, y,, )}p(r,,, ro) 
n=l 
where the integral expressions 
C(r, 'y) :=L 
12 
rEDU 8D, ro E D, (2.10) 
G, oc (2.11) (r, r) ds (r, ) 
B(r,, y,, ) := 
aGp, (r., r) ds(r, ) (2.12) fy. 
i9n(r, ) 
are so-called single- and double-layer potentials respectively. Noting (2-6) we can 
write 
C(r, -y,, ) = E(r, -y,, ) + E(r, 7ý) + Cp (2.13) 
B (r,, y,, ) =D (r, +D (r, + Bp (r, -y,, ), (2.14) 
where, for a given straight line arc IP and rEW, 
D(r, IP) c9Gf 
(r, r, ) ds(r, ), (2.15) fr 
i9n(r. ) 
E(r, IP) fr Gf (r, r, ) ds (r, ), (2.16) 
while 
Bp(r,, y,, ) 
(r, r. ) ds(r, ), (2.17) If. 
an(r, ) 
Cp (r, (r, r. ) ds (r. ) 
(2.18) 
Before numerical implementation we replace the single- and double-layer potentials 
C and B in (2.10) by approximations c and b respectively, where [16] 
c(r, -y,, ) :- e(r,, y,, ) + e(r, -y. ) + cp(r,, y,, ), 
(2.19) 
b(r, -y,, ) := d(r, -y,, ) + d(r, -y,, ) + bp(r,, y. ). 
(2.20) 
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Here d and e denote accurate product midpoint rule approximations to P andE, 
defined in (3.9) of [16] and (4.1.13) of [15] respectively, and bp and CP are approxima- 
tions to Bp and Cp respectively. Except in the exceptional case when r= (x, V) = rn 
with y=0, we approximate, as in [16], Cp(r,, y,,, ) by the midpoint rule, Le. 
cp (r, -y, ) := hn P, 6,, (r, rn) s 
(2.21) 
and, noting that from Theorem 8 in [17] 
Y, -ik, 
3, P 2ik, 6, Gf (2.22) 
approximate 
l9pý n.,, (r. ) e,, 
(r, r, ) 
l- ny (r, ) 
(9P, 6, (r, r, ) ds(r, ) 4.1 
ax, ay, 
nx(r,, ) 
apg,, (r, r, ) ds(r, ) fy" ax, 
-ik, 3, ny (rn) [Cp (r, rn) + 2E(r, -yn)] 
(2.23) 
by 
bp(r, -yn) :=h,, n., (r,, ) 
OP& (r, r. ) 
ax, 
I 
r. =r. (2.24) -ik, 8,: ny(rn) [2e(r, -yn) + cp(r,, yn)] 
Chandler-Wilde et al [16] use the approximation (2.21) also in the case when r= rn 
and y=0. In the work here reported we use in this case the more accurate trapezium 
rule approximation 
[(0,0), (0,0)] (2.25) cp (ryn) P6, 
[ (Ln 
, 0) , 
(0) 0)] + pße 
Figure 2.2 compares the accuracy of the approximations for e(r, -Y,, ) and d(r, 'Y,,, ) 
with the exact values of the respective integrals for the case of a single element and 
either a local or distant receiver. The accuracy of these approximations is discussed 
in more detail in Section 2.3.2. 
Therefore, to obtain the approximate solution PN; we solve the following equa- 
tion: 
N 
c (r)PN (r, ro) = Gpe -y,, ) - iko(r,, )c(r, 'Yn)} PN(rn, 
ro). (2.26) (ro, r) +b (r, 
n=l 
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Figure 2.2: Comparison of the approximations d(r,, y,, ) and e(r, -y. ) with the cor- 
responding exact values (k = 1, element length = OJA); -, approximation to 
e (r, -y,, ) 1; ----, exact value of Ie (r, -y,, ) 1; ...... , approximation 
to Id(r, -y,, ) 1; ---, 
exact value of ld(r,, y,, )1. The angle of inclination is the angle between the line of the 
element and that from receiver to element midpoint. 
260 280 
260 280 
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This expresses PN at an arbitrary receiver position, rEDU OD, in terms of the 
values Of PN at the midpoints of the N elements. To determine these N values, we 
set r=r,,, n=1,2,. .. ' N, in 
(2.26) which results in a system of N linear equations 
with unknowns PN (rn, ro), n=1,2,.. .'N, i. e. 
N 





Jmn- b (rm, 7,, ) + ik, 3 (rn)c(r, -yn), m, n=1,2,..., N. (2.28) 2 
In later calculations, the values for the normalised surface admittance of the impedance 
boundary, #,, and the barrier surface, 3(r, ), are calculated using the model of De- 
lany and Bazley [31] or that of Attenborough [10,11]. Specifically, each barrier and 
ground surface is assumed to have the admittance of a rigidly backed porous layer 
of depth D, with Zb and kb, the impedance and complex wavenumber of the porous 
layer, as given in [31] as a function of frequency/flow resistivity or in [10,11,18] as 
a function of frequency/flow resistivity, porosity, tortuosity and pore shape factor. 
By calculating the attenuation for 3 different Cases, namely in free-field, due to 
the presence of the ground only and due to the combined presence of ground and 
barrier, and applying these results to a source spectrum which is characteristic of 
road/rail traffic, broad-band sound pressure levels (SPL) and insertion losses (IL) 
can be determined. Insertion loss is defined as the reduction in SPL following the 
introduction of the barrier(s), i. e., at the particular frequency corresponding to the 
wavenumber k, 
IL = -20 loglo 
I 
G& (r, ro) 
I 
dB. (2.29) 
The source spectra used in this thesis are A-weighted, i. e. a standard bias has been 
applied to the SPL spectrum of the source to account for the sensitivity of the human 
ear. 
The boundary element method has distinct advantages and disadvantages when 
applied to the study of acoustic performance: 
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1. The method is largely restricted to modelling the propagation of sound in a 
homogeneous atmosphere, i. e. wind and temperature effects cannot be incor- 
porated (though see [76,75] for recent attempts to overcome these limitations) 
- this means that for sensible comparisons with results from the method, out- 
door measurements must be taken under these conditions or suitably adjusted 
to these conditions. 
2. While the method is able to handle cross-sections of arbitrary shape and 
impedance, the two-dimensional nature prevents the study of cases where the 
profile or surface properties vary along the longitudinal axis of the barrier, i. e. 
in the z direction. 
Y. 
x 
Figure 2.3: Case of a single obstacle and the interior problem which determines 
uniqueness in this case 
3. The basic Helmholtz integral equation, (2.9), suffers from the problem that 
there may exist wavenumbers k at which it has more than one solution. Con- 
sider the situation shown in Figure 2.3 in which the boundary is flat, except 
for a single obstacle/barrier bounded by the arc -y. In this case the inte- 
gral equation has more than one solution if and only if the problem in the 
b ounded region under the obstacle shown in Figure 2.3 has a resonant mode 
[16]. This interior problem consists of the boundary condition p=0 on -1 and 
the impedance condition aplan = ikgp on that part of the line y=01 inside 
the obstacle. If R, 6r, >0 (the ground is absorbing) then the interior has no 
resonant modes. If the barrier is on rigid ground 0) then the interior 
AB 
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problem has resonant. modes at an unbounded infinite sequence of positive 
wavenumbers, called the irregular wavenumbers for the integral equation. The 
corresponding frequencies are called eigenfrequencies. 
For a simple rectangular cross-section of height H and width B, the wavenum- 
bers which correspond to the eigenfrequencies are given by the formula 
+ 





Clearly as H and B increase, the number of possible eigenfrequencies within 
a given frequency range increases, the first possible eigenfrequency occurring 
earlier than previously. If there is more than one obstacle/barrier, as shown 
in Figure 2.4, then there is an infinite sequence of irregular wavenumbers 
associated with each obstacle and if there are components of Y which are closed 
curves, disconnected from the ground (Figure 2.4), then there are irregular 
wavenumbers associated with each component, these being the resonant modes 
for the Helmholtz equation in the component with boundary condition p=0. 
ly 
Figure 2A A sample cross-section incorporating both multiple obstacles/barriers 
and closed components disconnected from the ground. The ground surfaces are 
assumed to have the same constant admittance, fl, = 0. 
4. The numerical method necessitates that'the element size used for the dis- 
cretization be small in comparison to the wavelength of the source, resulting 
in greater computational expense as both the frequency and the size of -Y in- 
creases. Calculation of the Green's function is more complex when the ground 
(r, ro) term in (2 plane is non-rigid because of the presence of the Ppr . 6). This 
further increases the computation time. 
5. The formulation is such that for geometries incorporating thin sections the 
method generates inaccurate results [141. This occurs because in the limit 
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of zero thickness, the. matrix [amn] in (2.28) contains more unknowns than 
equations and becomes singular - for small thicknesses the equations on op- 
posing sides of the barrier will be almost identical so that the matrix is near 
to singular. 
6. The function Gp. (r, ro) is defined only for r and ro in the upper half-plane, so 
that all surfaces must lie on or above a fixed horizontal datum, defined by the 
line y=0. The ground surface, if flat, is usually taken to be coincident with 
this line, provided that the whole region of propagation and all scattering 
surfaces thereby lie in the upper half-plane y>0. The numerical method 
requires that surfaces be discretized where either y>o (r2) or y=0 and 
P 5ý 0, (a barrier surface, rl, in the ground but of different impedance). 
Therefore modelling geometries where y=r, u r2 is large in comparison to 
the wavelength of the source proves highly computationally expensive. Such 
cross-sections occur in cases incorporating cuttings, where the cutting floor 
lies below the level of the exterior ground plane, or in cases involving ground 
of variable acoustic type, eg. a roadway with grassland on either side. The 
efficiency of the method in these situations can be improved slightly with 
careful choice of the impedance boundary condition in relation to surface size. 
7. That 2-D boundary element results can be related to practical measurements 
was discussed earlier in this chapter. Duhamel [37] has shown in the develop- 
ment of an efficient 3-D boundary element method that for several different 
barrier configurations, the EA values predicted by the 2-D BEM agree well with 
those using the 3-D method for a point source in the case of source/receiver 
arrangements both in and above a rigid ground plane. SPL results obtained 
using a 3-D BEM for the case of a T-profile barrier and a point source above 
a finite impedance ground [38] have been shown to give good agreement with 
experimental measurements, the errors being for the most part of the order of 
I dB. 
The boundary element method as described in this section has been converted 
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into a FORTRAN computer program, to allow ease of application. The boundary 
element results presented in this and the remaining chapters have been obtained 
using this computer program. The cross-section under examination, comprising the 
ground plane, i9D, the obstacle (s) /noise barrier(s), y, and the source and receiver 
positions, is defined in a datafile, TINPUT, providing one input to the program. A 
further datafile, TINPUTSP, is required which contains details of the source spectra 
to be used and the element sizes at each frequency to be used in the discretization of 
-y. Examples of these datafiles are presented in Appendix A. The computer program 
runs as follows (assuming NFREQ frequencies in the source spectrum, and NR 
receiver positions): 
1. The geometrical and spectral data is read into the computer model, and the 
cross-section converted to dimensionless co-ordinates using the wavenumber 
kf(j) at each frequency f (i), i=1,2,... ' NFREQ. 
2. Calculations are then performed at each frequency as follows: 
2.1. The admittance of each straight line component on -y is calculated and the 
corresponding admittance on each boundary element determined. The 
admittance of the ground plane, 6,, is also calculated. 
2.2. The pressures on y are then calculated, solving the integral equation 
(2.9) in its approximate form (2.26). This is achieved by calculating the 
coefficient matrix [a,,,,, ] of (2.28) and the right-hand side vector G'O, of 
(2.27), and then solving the linear system of equations (2.27). 
2.3. Then at each receiver position, r(j), j=1,2,.. -, 
NR: 
2.3.1. The total acoustic pressure is determined for three cases, 
a) in free-field, using (2.5), 
b) in the absence of the barrier but with the ground present, using 
(2.6), and 
C) in the presence of both the ground and barrier, using (2.6) and 
adding the correction for the barrier (the summation from (2-10) 
determined by a quadrature over the barrier surface) 
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2.3.2. For the same three cases, the attenuation relative to free-field at Im 
is calculated 
2.3.3. Application of the spectral data to these values provides the sound 
pressure level (SPL), excess attenuation (EA) and insertion loss (IL) 
results for frequency f (i) and receiver r (j). The broadband results 
are also calculated. 
The modifications studied in this thesis which are described in the following sections 
are aimed at minimising the effects of some of the reported weaknesses, and have 
been incorporated into the computer model. The 2-D method describea is currently 
being adapted by the author to model a 3-D incoherent line source, rather than a 
coherent line source, but at the cost of greatly increased computation time. 
2.2 Modifications for the Efficient Analysis of Ge- 
ometries with Two-Impedance Boundaries 
Consider the parallel barrier arrangement shown in Figure 2.5 which is a typical 
cross-section for a simulation of noise propagation from a vehicle source above a 
motorway with noise barriers on either side of the carriageway. The roadway is of 
admittance &1. Assuming that the ground is homogeneous beyond the barriers and 
of the same admittance 0,2 on both sides of the road, the boundary element method 
described in the previous section can be applied. Indeed, the pressure satisfies the 
integral equation (2.9) with -y = ri u r2 the part of the cross-section ABCDEFGH, 
consisting of the road surface (ri) and the barrier on each side of the road (r2)-ý 
However, numerical solution is expensive; the whole of -y must be discretized into 
elements which are small in comparison to the wavelength. For example, at 1000 Hz 
(wavelength A=0.34 m) with 5 elements per wavelength, for the geometry in Figure 
2.5 the number of elements required on the barriers is Ni = 120 and on the road 
surface N2 = 500, in total N=N, + N2 = 620. To solve the linear system 
(2.27), 
the NxN coefficient matrix must first be constructed, requiring N2 calculations of 
Gp, The solution procedure itself requires O(N 3) floating point operations. 







Figure 2.5: Typical parallel barrier arrangement. Dimensions in metres 
In this section we describe, implement and test an approximate calculation pro- 
cedure for such configurations which is much more efficient. 
Using the existing method, we would solve the integral equation (2.9) using the 
Green's function G& with 6, = &2 with the integral extending over y= 171 U r2- 
The new two-stage procedure is based upon the assumption that the pressures on 
the road surface and the two barriers can be reasonably approximated using the 
cross-section shown in Figure 2.6, which is identical to that in Figure 2.5 except 
that to the left of S2 And to the right of SI, the original'ground surface admittance 
has been altered to coincide with the surface admittance (0,1) in between the two 
barriers. The surfaces SIA and HS2 (N are of the same admittance, &2, as the 
ground outside the barriers in the original cross-section (Figure 2-5) and are included 
to minimise any error in the pressures calculated on surfaces AB and GH. 
In the new two-stage procedure (2.9) is first solved for this modified cross-section, 
with &= &I and integrating over r2 u r3. The same equation is then used to obtain 
the pressures on the road surface. In the second stage, the original cross-section of 
Figure 2.5 is used. The pressures at the final receiver positions are now calculated 
using (2.9) with ýc2 and the integral now extending over -y = ri u r2 using the 
pressures on these surfaces as calculated in Stage 1. 






S2 HIE 0 DIA S, 
fla LLII.; Pa MUMM O'l #c2 6c2 
Figure 2.6: Approximated parallel barrier arrangement 
We now quantify the reduction in computation time using this two-stage proce- 
dure. 
As above, let N, be the number of elements on the surface of the noise barrier(s), 
N2 the number of elements on the road surface, L the number of elements on the 
grass strips SIA and HS2, and c the time taken for a single complex multiplication 
and addition. Assuming that the number of receiver positions is small compared to 
N2 and N, +L then the approximate computation time required for the existing 
BEM can be expressed as 
C (Nl + N2)3 + C, (Nl + N2)2, (2.31) 3 
where C, is the time required for a single evaluation of the function G'a,, Similarly, 
the time required for the modified solution procedure is 
c (Ni + L)3 + C2(Ni + L)(Ni +L+ N2), (2.32) 3 
where C2 is the time required to evaluate GO.,. Therefore, for typical cases when N2 
is much greater than L, the computing time saved using the modified procedure is 
considerable. Usually C, ' ýý C2, but if the road surface is rigid so that '8c, =0 
then 
C, < C2 so that there are significant additional savings. 
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2.2.1 Testing of the Modified Solution Procedure 
The accuracy and efficiency of the modified solution procedure has been investigated 
by comparing results with those obtained using the existing BEM on similar cross- 
sections (i. e. the cross-section tested with the existing method is identical to that 
used in Stage 2 of the modified procedure). All simulations are based upon the 
cross-section shown in Figure 2.5 -2m high rigid parallel barriers separated by 
34.3 m of rigid ground (corresponding to a standard 6 lane motorway with a hard 
shoulder on each carriageway). Receivers have been positioned at 20,40 and 80 
rn from the outer face of one of the barriers and at heights of 1.5 and 4.5 m (as 
in Section 3.2.1). The source is located between the barriers, 7.8 m from one face 
and at a height of 0.5 m. The grassland outside of the arrangement is modelled 
as by the Delany and Bazley formula [31] and is characterised by an effective flow 
resistivity of a= 250,000 Nsm-4 , which is within the range proposed 
in [39]. In 
the modified solution procedure, the strips S1A and HS2 (shown in Figure 2-6) are 
of adjustable size (the original cross-section is equivalent to defining these strips as 
being of infinite width). In these tests, the widths of S1A and HS2 are both set 
equal to 0.0,2.0,5.0 or 10.0 m. 
Predictions of insertion loss from the two methods are presented in Figure 2.7 
and 2.8, for frequencies of 500 and 1000 Hz respectively. The following element 
lengths were used for all simulations and both methods: 
500 Hz: 0.09A on the barriers and strips, 0.12A on the road, 
1000 Hz: 0.12A on the barriers and strips, 0.17A on the road. 
Results from the modified procedure are shown for SjA = HS2 = 0.0 and 2.0 m. 
The results from the two methods differ by at most ±0.04 dB at both frequencies. 
No significant difference is observed in the predictions for the different strip widths 
using the modified procedure. Results obtained using the modified procedure for 
the cases SjA = HS2 =5 and 10 m were similarly observed to agree with those for 
the 2 rn strip. 
For the same frequencies, Figures 2.9 and 2.10 plot the modulus of the complex 









Receiver Position 20,1.5- F40,1.3 1 80,1.5 1 20,4.5 1 40,4.5 180,4.5 
A: Original method -1.69 -2-93 -6.47 -7.54 -8.73 -8.72 
B: 2m Grass Strip -1-65 -2.89 -6.43 -7.50 -8.69 -8.69 
C: Om Grass Strip -1.65 -2-89 -6.43 -7.50 -8.69 -8.68 











Receiver Position 20,1 40,1.5 1 80, -1.75- F2-0,4-. 5ý ý40,4ý. 5 ýý 
A: Original niethod 3-. 52 --ýý . 02 . 02 -1.86 0.94 
2.62 1 -0.49 
B: 2m Grass Strip 3.53 0.01 -1.83 0.97 2.67 -0.46 
C: Orn Grass Strip 3.52 -0.01 -1.84 0.97 
2.67 -0.47 
Figure 2.8: Predicted insertion losses (dB) at 1000 Hz (X2 as for grass) 
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pressure on those boundary. elements lying on the barriers, as calculated using both 
methods; in each case, Figure a) corresponds to the barrier nearest the source posi- 
tion, Figure b) to the barrier farthest away. There is good agreement between the 
two methods. 
Figure 2.11 shows the predicted insertion loss for a broad band spectrum (0.6- 
3.2 kHz) which is characteristic of A-weighted traffic noise (see Section 3.2.1). The 
results for the two methods at the individual receiver positions differ by at most 
±0.19 dB(A). 
2.2.2 Discussion of Results 
The insertion losses at the final receiver positions predicted using the modified so- 
lution procedure show very good agreement with those from the existing BEM, 
suggesting that the approximation used is valid. In addition, there is good agree- 
ment between the calculated values of IpI on the barrier sides and road surface. The 
data presented in Figures 2.9 and 2.10 can be considered in terms of specific barrier 
faces. Using a source frequency of 500 Hz (Figure 2.9), there is no notable difference 
in the jpj values on those barrier faces facing towards the source as calculated using 
the modified solution procedure. However, small errors can be observed between 
results from the two methods. On those surfaces oriented away from the source, the 
magnitude of the error between method results behaves as would be expected close 
to the ground, reducing as the strip width increases from zero to 2 m. However on all 
faces, the errors are minimal in comparison to the corresponding IpI values. Similar 
variations between the different method results (although greater in magnitude) can 
be observed for the source frequency of 1000 Hz (Figure 2.10). 
Additional testing has also been carried out using ground types other than grass- 
land. Results are presented here for ground having a flow resistivity of a= 100,000 
Nsm-' (Figure 2.12). The error between the two solution procedures is considerably 
more significant than for the case of the grassland boundary (Figure 2.11). For the 
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a) Baxrier furthest from source position 
0.14- 
0.12-- 
.............. 0.1 - 
0.08 .................... ...................... ......... 
. ..... ......... o. 06 
.......... 0.04--- Elemehts on b; limc 
facingliaway ffpm: 
................. ...................... .......... 0.02- 
\/Vý 
0.0- 11 
b) Barrier nearest to source position 
0.14- 
0.12 - 
0.1 - .. I.. ................. 
0.08-. Ele n .. oa. ba facing' towarcý 
0.06- 
0.04 . ...... .................. 
0.02 - 
0.0 
500 510 520 530 540 550 560 
Element No. 
Figure 2.9: Plots of IpI on barrier elements at 500 Hz (p, 2 as for grass); -, original 
program; ....... 2m width strip; ----, Om width strip. 
10 20 30 40 50 60 70 
Element No. 
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Figure 2.10: Plots of IpI on barrier elements at 1000 Hz (flc2 as for grass) 
original program; ....... 2m width strip; ----, Om width strip. 
20 40 60 80 100 
Element No. 







Receiver Positi n 20,1.5 40,1.5 1 80,1.5 120,4.5 140,4.5- [-ý16, --47.5 
A: Original method 1.48 -1.47 7.06 -3.31 -3.70 -4.25 
B: 2m Grass Strip 1.64 -1.36 -6.87 -3.20 -3.55 -4.07 
C: Om Grass Strip 1.62 -1-37 -6.88 -3.20 -3.56 -4.07 
28 
Figure 2.11: Predicted insertion loss (dB(A)) for an A-weighted traffic noise spec- 
trum (ý3,2 as for grass) 
receiver positions considered, the results differ by at most 1.56 dB(A). The magni- 
tude of error between the different strip widths when using the modified solution 
procedure does not exceed ±0.02 dB(A). As was observed with the grassland bound- 
ary, significantly increasing the width of the strips used outside of the barriers has 
negligible effect upon the results obtained using the modified procedure. 
As (2.31) and (2.32) indicate, the modified solution procedure provides a sig- 
nificant reduction in the computation time. Considering the simulations USiug Oc2 
appropriate to grass, the computation times for calculating results using a full A- 
weighted traffic noise spectrum, (together with the reduction achieved by using the 
modified approach) are surnmarised in Table 2.1. Similar reductions were achieved 
for the other ground conditions studied. The modified solution procedure therefore 
provides similarly or more accurate results to the existing BEM (depending on the 
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cu 
'A C: -6 
[-Receiver Posit io 
A: Original method 2.66 -1.20 -7.11 -2.33 -1.74 -2. 
B: 2m Grass Strip 1.73 -1.74 -8.65 -2.91 -2.69 
C: Om Grass Strip 1.72_ -1.75 -8.67 -2.91 -2.70 
29 
Figure 2.12: Predicted insertion losses (dB(A)) for an A-weighted traffic noise spec- 
trum (Alternative ground condition) 
flow resistivity of the outer ground plane) with a significant reduction in computa- 
tion time. The contribution of the impedance strips outside of the barriers in the 
first stage of the new procedure is minimal. 
2.2.3 Reported Applications of The Modified Solution Pro- 
cedure 
The successful application of the modified procedure to real problems has been 
reported by Watts et al [123,124] in studying the combined effects of noise barriers 
and porous asphalt (PA) road surfaces, although modified to use the impedance 
model of Attenborough [10,11] instead of that and Delany and Bazley [31] (see 
Section 2.1) as used during the development stages. The work demonstrates the 
validity of the approach for wider application since calculations were performed for 
the cases of a single barrier on either side of the carriageway as well as the parallel 
barrier style arrangement used in the development. To establish the effect of using 
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method Type CPU time 
(hrs: mins: secs) 
% time 
reduction 
Standard BEM: 2: 46: 19.9 - 
(10m strip) 1: 11: 58.8 56.7 
Modified procedure (2m strip) 13: 55.2 91.6 
(Om strip width) 7: 49.2 95.4 
Table 2.1: Calculation times for the different solution procedures 
porous asphalt in the absence of barriers, calculations were also performed using a 
standard hot-rolled asphalt (HRA) road surface. 
The study was based around a typical motorway cross-section (see Section 4.2) 
with grassland on either side of the carriageway and the'effect of both light and 
heavy vehicles assessed by the incorporation of representative vehicle cross-sections 
into the model in the nearside lane of each carriageway. The precise selection of 
the source positions was as in the standard UK road-traffic noise prediction method 
[32] (see Chapter 4) and the source spectra were calibrated for typical vehicles. 
Measurements were taken at heights of 1.5 and 4.5 m, at distances of 0,20 40 and 
80 rn from the carriageway edge, with the results being presented as an average 
over all of the positions. The significance of the receiver positions is discussed in 
Chapters 3 and 4. 
In the absence of the barriers, the average predicted advantage of PA over HRA 
was 8.9 dB(A) and 6.9 dB(A) for the light and heavy vehicles respectively. The 
greatest advantage at individual receivers was observed when the height of propaga- 
tion over the PA was small in comparison to that over the grassland. In comparison 
to unobstructed propagation, the introduction of barriers on the nearside of the road 
(i. e. the side of the road nearest to the receivers) and tall parallel barriers reduced 
the benefits of using PA due to the significant reduction in the angle of incidence of 
reflected waves passing over the nearside barrier and the increased average height of 
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propagation of the "direct" -waves. The benefit was further reduced in the presence 
of the lorry instead of the car. For barriers on the farside of the road and low parallel 
barriers, a small improvement was observed when using PA, since the propagation 
path from the nearside source to the farside barrier is significantly greater than the 
direct path, allowing the PA to substantially reduce the intensity of the reflected 
wave. Absorptive materials on the barriers were observed to have minimal effect 
upon relative improvements of PA over HRA. 
2.3 Modifications for the Efficient Analysis of Shal- 
low Cuttings 
(r ro), is such As observed previously the definition of the Green's function, Gfl, 7 
that, when applying the boundary element method of Section 2.1, all surfaces must 
lie on or above a fixed horizontal datum. Whilst in theory this does not restrict 
the application of the method, in practice the computational expense of studying 
cross-sections where ^/ is large (relative to the wavelength of the source) places some 
limitations on its use. 
In particular this is certainly the case when the cross-section incorporates a 
cutting and the ground on either side of the cutting is at a higher level. Then the 
horizontal datum must be taken at or below the bottom of the cutting and the 
integral over y in (2.9) must extend over the whole ground surface on at least one 
side of the cutting out as far as all the receiver positions of interest. 
If the source position lies within the cutting then a modified boundary element 
method can be used, the idea behind which is to use the smallest permissible cross- 
section at each stage of the calculations. The modifications required, described in 
this section, are an extension of those developed in Section 2.2 and provide similar 
gains in computational efficiency. 
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2.3.1 The Physical- Approximation 
Consider the simple cross-section ABCDFGIJKL as illustrated in Figure 2.13: a 
cutting flanked by two embankments. The floor of the cutting is inclined at angle 
0 to the horizontal and has a normalized surface admittance &j. The sound source 
is supposed inside the cutting and the receiver positions of interest lie above the 
outlying ground, which is assumed to coincide with the x-axis, y=0, and to have 
admittance, 6,2. Surfaces AB and KL are also assumed to have admittance 6,2. As 
before, let GP,. 2(r, ro) denote the Green's function for the upper half-plane y ý: 0 
with admittance, 8,2. Consider also the half-plane lying above the line GF and its 
extension in both directions and let 
. 
jr, ro) denote the same Green's function 




Figure 2.13: Initial cross-section prior to implementation of modified solution pro- 
cedure. yj is the are SABCDF, y2 the arc GIJKLT and ý= 71 U72- 
It is reasonable to assume that if the points A and L are sufficiently far from the 
source, then the geometry beyond these points will have negligible effect upon the 
sound pressure at some arbitrary point within the cutting. Assume that the angle 
of incidence 0 is small enough so that points A and L lie above the line GF of the 
cutting floor and let S and T be the orthogonal projections of A and L respectively 
onto this line. 
Let -yl denote the polygonal arc SABCDF, y2 the arc GIJKLT and 'Y, UY2, 
and let !ý denote the upper half-plane above the line GF but excluding those parts 
of this half-plane lying on or underneath ý. Let p denote the solution to the original 
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cutting problem and ff denote the approximation to p obtained by replacing the 
original region of propagation with the region f, where we assume the admittance 
fi to have the same value as in the original problem on ABCDF and GIJKL, the 
value 0= Pc ,j on 
FG and on its continuation outside ý, and some arbitrary value, 
say 6= &2 1 on LT and AS. Then, at least provided A and L are sufficiently 
far 
from the source, we expect p inside the cutting and on the embankments GIJK 
and BCDF. 
The point of this approximation is that ff can be computed via the integral 
equation formulation, (2.9), which holds with p, y, G& and D replaced by dj6c 
and i5 and with, 6, =j8cj, i. e. 
e (r)ff(r, ro) = d&j (r, ro) + 
(r., r) 




for rE !ýU0. 
Stage 1 of the approximate solution procedure is to solve (2.33) to determine 
on ý. Once this is determined we can calculate f elsewhere in Zý using (2-33), 
remembering that c(r) =1 for r in R Further, differentiating (2.33) we see that 
Vf can also be computed since 
V,, f(r, ro)=Vrd#c, (r, ro)+ Vr 
ad#,, (r,, r) 
- ikfl (r, ) G&, (r,, r)) f(r,, ro) ds 
(r,, ). 4( 
i9n(r, ) (2.34) 
Let E and H be points on ryl and y2 respectively, on the sides of the cutting, such 
that the line EH lies in the upper half-plane y>0. Then the integral formula (2.9) 
holds if -y is taken to be the polygonal arc BCDEHIJK and P. 2, provided 
that 3 on EH is defined as 
n(r) - VrP(r, ro) (2.35) 
ikp(r, ro) 
where n(r) denotes the unit normal to EH directed downwards. Thus, for any point 
r in the upper half-plane y ýý, 0 with the exception of points on or below 'Y, 
p(r, ro) = Gpe 
aG, 6,,, (r,, r) 
_ (r,, r) p(r,, ro)ds(r. 
), 
,, 
(r, ro) + 
It ( 
On(r, ) ik, 
8(r, )G#c2 
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(r, ro) +- 
aGo., (r, r) 
_ ikfl(r, )Gq,, ý(r,, r) f(r,, ro)ds(r, 
)I' 
ly ( 
On (r. ) 
(2.36) 
where we have made the approximations p on y and Vp -- Vf on EH and we 
redefine P on EH as 
n (r) - V,, f(r, ro) (2.37) 
ikf(r, ro) 
Thus the approximation procedure employed has the following stages: 
1. Compute f on ý by solving the integral equation (2.33) for r on ý. 
2. Use (2.33) to compute ff on EH and (2.34) to compute Vff on EH. Hence 
compute P on EH using (2.37). 
3. Use (2.36) to compute p approximately at required receiver points on either 
side of the cutting geometry. 
The above procedure has to be implemented numerically and the issues involved are 
discussed in the next sub-section. For Stage 1 and to compute f at Stage 2 and p 
at Stage 3, the approximations discussed in Section 2.1 are used. The next section 
is concerned therefore primarily with evaluation of expression (2.34) for Vf- 
2.3.2 The Mathematical Formulation 
As discussed in Section 2.1, the integral equation, (2.9), can be approximated, for r 
in D, by 
N 
p(r, ro) ý- Goc, (ro, r)+E(B(r,, y,, )-ikO(r,, )C(r, -yn))p(rn, ro) 
n=l 
N 
; zýl Go. (ro, r)+I: (b(r,, yn)-ik, 6(rn)c(r,, yn))p(rn, ro) (2.38) 
n=l 
where C(r,, y,, ) and B(r, -y,, ) denote respectively the single- and double-layer poten- 
tials 
C(r, -y,, ) = 
ly. Gp. (r,, r) ds (r. ) 
B(r,, y,, ) = i9G#c 
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Y 
x 
Figure 2.14: The local co-ordinate sYstern for a single barrier element 
and c(r,, y,, ) and b(r, -y,, ) are the approximations to C(r, 7n) and B (r, 'Y,, ) defined by 
equations (2.19) and (2.20). From (2.38) the following approximation is deduced: 
N 
V,, p(r, ro)ý-V,, G, 6c, (ro, r)+X: (VrB(r, ', yn)-ikp(rn)VrC(r, -Y,, ))p(rn, ro). (2.41) 
n=1 
The derivation of accurate approximations to VrC(r,, yn) and V,, B(r, -in), starting 
from (2.13) and (2.14), is discussed in the remainder of this section in which a local 
coordinate system, OXY, shall be adopted for each element -yn, n=1,2, -N as 
shown in Figure 2.14. 
The computation of VC(r,, y,, ) requires, from (2.13), evaluating first of all the 
partial derivatives of -E (r, -y,, ), which is given by 
E(r, -y,, ) = Gf (r, r, ) ds (r, ). (2.42) 
Since y,, is in the horizontal plane of OXY, 
hn. 
(2.43) 2 Gf dX,, htL 
2 
where rs and r are taken to have coordinates (XS, 0) and (X, Y) respectively within 
the local coordinate system, and h,, is the length of y,,. Partially differentiating 
(2.43) with respect to X and noting that 
i9Gf (r, r, ) aGf (r, r, ) (2.44) 
ax oxs 
'Yn 
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then 
aE(r,, y,, ) 2 I'h2' aHoý') (k Ir-r. 1) dX,,. (2.45) ax 4-h 2L ax" 
Integrating (2.45) gives 
aE(r,, y,, ) 
ax 
Gf (r, r-) - Gf (r, r+). (2.46) 
Partially differentiating (2.43) with respect to Y, 
8E(r, "2 aGf (r, r, ) dX,. (2.47) 
ay h& 2 ay 
Now 
aGf (r, r, ) 
_ 
OGf (r, r. ) 
and 
OGf (r, r, ) DGf (r, r, ) (2.48) 
ay ay, a YS an (r. ) 
Therefore, substituting into (2.47), 
aE(r, 
'211 
aGf (r, r, ) dX, f - 
ay - hzL - 2 D(ry 7n) 
d(r, -yn). (2.49) 
From (2.46) and (2.49) it follows that 
aE(r, -yn) 
-ny(rn) (Gf (r, r-) - Gf (r, r+)) - n--(rn)d(r, -yn), 
(2.50) 
ax 




aE (r, -/,, )- 
-ny(rn) 
(Gi(r, r' -Gf(r, r4)) -n. ý(rn)d(r, -yn), 
(2.52) 
ax 
aE(r, (Gf(r, r' -Gf(r, r4)) -ny(rn)d(r, ^tn)- 
(2.53) 
19Y 
Now consider V, B(r, -y,, ), with B(r, -y,, ) given by (2.14), considering first the 
evaluation of the derivatives of 
hjL 
D2 c9Gf 
(r, r, ) (2.54) Llh- 
an(r, ) 2 
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From (2.48) 
hn 
2 (9Gf (r, r, ) dX,. (2.55) ha 
19y, Y 
Partially differentiating D(r, -1,, ) with respect to X and noting (2.44) gives 
aD (r, -y,, ) 
-- 
I' NX a aGf (r, (X" 0)) dXs 
ax hZL aX3 2 ay 
9Gf (r, r-) c9Gf (r, r+) (2.56) 
ay ay 
Differentiation of (2.5) gives 
, 9Gf (r, ! H(1)(kjr - r. 1) 
kY (2.57) 
(9y 41 Ir - r, j 
which substituted into (2-56) gives the final solution that 
i9D (r, -y,, ) ikY Hl(')(klr-r-1) Hl(')(klr - r+1) 
19X - 4- 
1 
Ir - r-I Ir - r+1 
(2.58) 
Partially differentiating D (r, 7,, ) with respect to Y and using (2.48) gives 
OD (r, -y,, ) 
-' 
12YL 02 Gf (r, 
dXq (2.59) 
a 
OY 19y2 2 Y, =0 
Now, 
a2 Gf (r, a2Gf (r, r. ) 2 Gf 
IOX2 
+ aY2 +k 
(r, r. ) = 0. (2.60) 
Rearranging and substituting into (2.59) gives 
f, hy. L h& OD (r, 2 192 Gf (r, r, ) dX. -k22 Gf (r, dX,. 
(2.6 1) 






Evaluating the individual terms on the right hand side of (2-61), from (2.43) we 
obtain hn 
2 










0Gf 2Gf (r, r+) 






(X - X-) Ir - r-1 
-H(1)(klr - r+1)-(X 
- x+) (2.63) 
1 Ir - r+I 
ý' 
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Substituting for these results in (2-61) gives the final expression 
c9D (r, -y) ik f H, (1)(kir r+1) 
(X - X+) 
ey Ir - r+I 
ý 
ik f 
H(l) (kir - r+ 1) 
(X - X+) 
Ir - r+I 
38 
Hl(')(klr - r-1) Ir - r-I 
-k'E(r, 
HI(l)(klr - r7l) Ir - r-I 
-k 2 e(r,, y,, ). (2.64) 
From (2.58) and (2.64) it follows that 
aD (r, -y) ny(r)ikY H, (1)(kir-r-1) Hi(1) (k 1r- r+ 
ax 4 Ir - r-1 Ir - r+I 
- n., (r ) 
tik ýH, (1)(klr 
- r+1) 
(X -X +) 
Ir - r+I 
(X - X-) k2e(r, y) 9 jr-r-1 
1- 1 
, OD(r,, yn) , 
n_ý(rn)ikY Hl(')(klr-r-1) H(l)(klr - r+l) 
ay -41 Ir - r-I 
1 






(X - X+) 
-n. (r, 4 
ýH, 
Ir - r+I 
-I-I, 
(1)(klr-- r-1) 
(X - X-) - k'e(ry. ) , 
(2.66) 
Ir - r-1 
11 
and 
aD (r, ny(r)ikY HI(1)(klr-r'I)_H, (1)(klr:: ý'+1) 
01 ax 4 Ir - r- Ir - rrl 
X+) 
-n-, (r) 
tik ýH, (1)(klr 
- r'l) 
(X 
4+ fir - 
ý-f+ 1 
-El(1) (klr - r' 1) 
(X X-) k2 e(ryý') jr-r'-I 
1- 11 
c9D (r, Y,, ) H( 1)(klr-r'l) H, (')(klr-r'l) P: 11 1 ti 
+ 





-n. (r. -i 
tH, (1) (klr - r' 1) 
(X - X+ ) 
+ j-r- ri+ 
-H, 
(1)(klr ke(r, (2.68) 
jr-r- 
1 
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The accuracy of the approximations d(r, -t,, ) and e (r, -y,, ) for D (r, -y,, ) and E(r, 7,, ) 
are now examined together with the accuracy of the approximations proposed above 
for VD(r,, y,, ) and VE(r,, y,, ). Letting [VD(r,, y,, )]. Pp and 
[VE(r,, y. )],, Pp 
denote the 
approximations using (2.46), (2.49), (2.58) and (2.64) for VD(r, -y,, ) and VE(r,, y. ) 
respectively, it is seen that 
(2.69) 
and 
[VE(r, -t,, )]. Pp 
I= ID(r, -y,, ) - d(r,, y,, ) (2.70) 
In Figure 2.15, the errors in e(r, 7. ), JE(r,, y,, ) - e(r,, y,, ) I and the errors in d(r, 'Y,, ), 
ID(r,, y,, ) - d(r, -y,, ) I are plotted against the angle that r-r,, makes with the ele- 
ment y,,, where E(r, -y,, ) and D(r,, y,, ), given by (2.42) and (2.54) respectively, have 
been computed accurately using the numerical quadrature functions built into the 
programming language Matlab. Comparing these plots with Figure 2.15, where 
e (r, and I d(r, are similarly plotted, it is observed that errors not exceeding 
1% are consistently achieved for an element length of O. 1A. 
To check the FORTRAN code for evaluation of approximations to the x- and 
y-components of [VD(r,, y. )]. Pp and 
[VE(r,, y,, )]. PP, also plotted 
in Figure 2.15 is 
the modulus of the difference between [VD(r, -y,, )]. Pp and a simple centred 
finite 
difference approximation to VD (r, ^In) implemented in Matlab. Not surprisingly, in 
view of 2.69, this difference is identical with JE(r,, y,, ) - e(r,, yn) I. Similarly compared 
in Figure 2.15 is [VE(r, -yn)],, Pp with a finite difference approximation, 
the difference 
between the two being identical, as it should be, to ID(r, -(n) - d(r, -yn) I- 
Finally, consider the evaluation of the partial derivatives of the Pp. components 
(those terms which take account of the contribution resulting from an impedance 
boundary). Consider first, the partial derivatives of Cp (the single layer potential 
component), given by 
Cp (r, f Pý (2.71) r, ) ds (r. ) 
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Figure 2.15: Comparison of the errors in VD(r, -y,, ) and VE(r,, y,, ) with the er- 
rors in E(r, -y,, ) and D(r, -y,, ) respectively (k = 1.0, element length = 0-1A); jerror in E(r,, y,, )I; ....... jerror in VD(r, -y,, )I; ----, jerror in 
D(r, -fn)l; - 
jerror in VE(r, -yn) 1. The angle of inclination is the angle between the line of the 
element and that from receiver to element midpoint. 
260 280 
260 280- 
CHAPTER 2. THE BOUNDARY ELEMENT METHOD 41 
Partially differentiating (2.71) with respect to y gives 
aP 
= a,, 
(r, r, ) ds(r, ). (2.72) 
19Y 19Y 
From (2.7) we can express partial derivatives of P , 6. 
in the form 
aa+b+c+d 
a+b+c+d(_l)c 
aa+b+c+d _ Pp,, (r, r, ) =kp (C, 77) (2.73) IgXaoybigXcay, d OCa+canb+d Oc a 
where, ý=k [x - x. ], il = [y + y. ]. Substituting for (2.73) in (2.72), gives 
i9Cp(r,, y,, ) k 77) ds (r. ). (2.74) 
19Y 7n 
Equation (D23) of Theorem 8 in [17] states that 
O'P#. (ý "q) 
=-iP, 77) -1P, HO(l) (r), (2.75) 1971 2 
where r= vf6-T-T-7-77. From (2.5), this can be expressed as 
app. (ý, 
77) - 2i, 8,, Gf (r, r'. ). 
(2.76) 
1977 
Substituting this into (2.74) gives 
OCp (r,, y,, ) 
Oy = -ik, 6, Pp. (r, r. ) ds (r, ) +2 
fYn 
Gf (r, r', ) ds (r, ) 
= -ik, 3, fCp(r,, yn) + 2E(r,, yn)} 
(2.77) 
Approximations cp(r,, y. ) and e(r, -y,,, ) to the integrals Cp(r,, y,, ) and E(r, 'Y, ', ) in the 
above equation have been discussed already (see equations (2.19)-(2.21) and neigh- 
bouring text). Making these approximations gives the final result that 
DCp(r, 'Yn) (2.78) 
pe - 2ikpe(r, ikpch,, P ay (r, r,, ) 
-Yn 
Partially differentiating (2.71) with respect to x gives 
i9C, (r,, y.,, ) 
= 




f ds(r, ). (2.80) 
"Y'. ox, 
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Applying the midpoint rule-as done in (2.23) to obtain (2.24) we get that 
aCp (r, -y,, ) 
, o9P#, 






= kh,, ac 
lf=k[X-Xnl 
Now consider the partial derivatives of Bp (the double layer potential compo- 
nent), given by 
= app" Bp 
(r, , 
(r, r. ) ds (r, ) (2.82) 
i9n(r, ) 
which can be written as 
Bp(r,, y,, ) = n(r, ) Vr. Pp. (r, r, ) ds (r, ) 
= n,, (r. )f 





Bp (r, ^(n) kn-, (r. ) 




Partially differentiating with respect to x, then 
, 9Bp (r, 192p (ý, 77) 192p (6,77) 
-= -k'n:, (r. ) oc ds(r, ) +k2 ny(r, 






Equations (D26) and (D25) in Theorem 8 of [17] give that 












(C 77) pc 
ýHo() (r) 
aC2 
(8, - 1) Pp. (C,, q) - i, 6, HO(l) (r) + 2 aq 
2G (2.87) 
077 
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Substitution of these results into (2.85) and using (2.73) gives that 
aBp (r, -yn) kny (r, ) i, 6,9Cp 
(r, -yn) 4-2 
aE (r, -yn) 
ax 
I 
ax C? x 
I 
-k'n-, (r, ) (0,2 - 1)Cp(r,, yn) + 2,3,2E(r,, yn) + 
2ifl, (9E(r,, yn' 
k 19Y 
(2.88) 
The right hand side of this expression is then approximated using (2.81), (2-52), 
(2.53) and the approximations cp (r, y,, ) and e (r, 7,, ) for Cp (r, y,, ) and E (r, Y,, ) defined 
in (2.21) and the preceeding text. 
Partially differentiating (2.84) with respect to y, then 
t92 
pp. (C' a2p, 6ý (6,77) i9Bp(r,, y,, ) k2 y(r,, 
) 
2 






Equation (D24) in Theorem 8 of [17] gives that 
02 77) 11 
_pc2j3, - 2HO(l) (r) - a77 2 ac 
(C, 77) +2 ipc 18C a? 7 
2p, 
-8 
_, 6c 2Gf (r, r') - 2ipc 
aGf (r, r') 
,& 
(C, 77) - 2,6c 8 a77 
(2.90) 
Substituting this result and (2.86) into (2.89) gives 
aBp (r, -y,, ) 






T,, k ay 
+kn. (r,, )i, 8, i9Cp(rtyn) 1- 2 
Ox ax (2.91) 
The right hand side of'this expression is then approximated using (2.81), (2-52), 
(2.53) and the approximations cp(r,, y,,, ) and e(r,, y,, ) for Cp(r, -y,, ) and E(r, Y,, ) re- 
spectively. 
Within the computer program the approximate partial derivatives of PO,, (r, -y,, ) 
as given by (2.78), (2.81), (2.88) and (2.91) are not calculated explicitly. However, 
it is still possible to check the accuracy of the approximations by computing 
(2.41) 
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for a specific case in which the exact value of the sum in (2.41) is known. -Consider 
a barrier of arbitrary shape on flat ground of admittance 8, as in Figure 2.1. For 
an arbitrary source position, ro, compute (2.41) for the situation when the pressure 
upon the nth element of the barrier is defined as being that in the absence of the 
barrier, i. e. 
(r,,, ro) (2.92) p(r, ro) = Goc 
and the admittance of the nth element is given, from (2.3), by 
n(r,, ). VG, 6, (r, ro) (2.93) 
ikG, 3e (r,,, ro) 
Under these conditions, the summations in (2.38) and (2.41) should vanish, at least 
in the limit h -+ 0. (This is the case since, by Green's theorem applied in the interior 
of -y in Figure 2.1, - 
OG& (r., r) 
_ G& (r, r) 




(r, ro) On(r, ) On (r. ) 
for r, ro E D). The value of Vrp(r, ro) as calculated at an arbitrary receiver position, 
r, should therefore be equal to that calculated at the same coordinates in the absence 
of the barrier, Le. it should hold that 
V, p(r, ro) = V,, Gee (2.95) (r, ro) 
The case #,, =0 can be considered to provide a further check upon the accuracy of 
the partial derivatives of E (r, -N) and D (r, -y,, ). 
These comparisons have been carried out by applying the method to the cross- 
section shown in Figure 2.16, which sits on either a rigid boundary 0) or, in the 
case of &=4 ,A0, an 
impedance boundary having a flow resistivity a= 20,00ONsm- 
and depth D= oo. The coordinates of the source and receiver were (-2.50,0.50) 
and (-0.5,1.0) respectively. 
Four frequencies have been considered, namely 250,500,1000 and 2000 Hz, 
using initial element lengths of 0-05A, 0.08A, 0.125A and 0.20A respectively in the 
discretization of the obstacle. Three subsequent simulations have been conducted, 
each time reducing the element length by half. At each frequency, the difference 
I V, G, 6. (r, ro) - Vp(r, ro) I has been calculated, with Vrp(r, r)) approximated by the 





Figure 2.16: Cross-section used to verify the accuracy of the approximations to the 
partial derivatives of P, 6,, (ý, 77). Dimensions in metres. 
right-hand side of (2.41) with V, B(r, -y,, ) and V, C(r,, y,, ) approximated as discussed 
in the above section. Similarly the error jp(r, ro) - G& (r, ro) 1, has been calculated 
with p(r, ro) given by the right-hand side of (2.38). Figure 2.17 plots the modulus of 
these errors as a function of kh, where k is the wavenumber and h the corresponding 
element length, for the case 0,54 0. 
Considering Figure 2.17a, the modulus of the errors are small compared to the 
modulus of the corresponding exact solutions, indicating that the formulations are 
sufficiently accurate. The same observation can be drawn from the results for Vp 
(Figure 2.17b). From these results, the estimated order of convergence (EOC) in 
the error has been calculated and is presented in Table 2.2. Corresponding results 
for the case 6, r =0 are shown in Table 2.3. For both cases, the order of convergence 
is observed to tend towards 1.0, except at the frequency 1000 Hz for the case 0. :A0. 
The convergence is not as rapid as would normally be expected upon application of 
the midpoint rule which should give a EOC of 2.0. No clear reason is apparent for 
this variation. However the accuracy of sound pressure levels predicted using the 
modified procedure and presented later in this chapter do not appear to be affected 
when compared with results obtained using other techniques (Section 2.3.3). 
035 . 05 
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Figure 2.17: lpl, lVpl and corresponding lerrorl for the case fl, 0 0; -1 IpI or lVpl 
(250 Hz); ....... lpi or lVpl (500 Hz); ----, IpI or lVpl (1 kHz); ---, 
lpi or lVpl 
(2 kHz); ----, lerrorl (250 Hz); -- -- --- lerrorl (500 Hz); - -- 
lerrorl (1 kHz); - 
........ lerrorl (2kHz) 
0.04 0.07 0.1 0.2 0.4 0.7 1.0 
Element length (kh) 
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Frequency kh jError in pl I EOC I I Error in Vpj I EOC 
0.314 4.64646e-05 1 24727 3.64726e-05 1 46598 
250Hz 0.157 1.95730e-05 . 17641 1 1.32027e-05 
. 
1 21800 0.078 8.6601le-06 . 12672 1 5.67557e-06 
. 
1 09078 0.039 3.96594e-06 . 2.6647le-06 . 
0.503 5.70063e-05 06455 0 6.62647e-05 179762 0 
50OHz 0.251 5.45120e-05 . 0 74807 5.85016e-05 
. 
72214 0 0.126 3.24565e-05 . 0 89919 3.54636e-05 
. 
88606 0 0.063 1.74027e-05 . 1.91890e-05 . 
0.785 1.84283e-04 2 60779e-04 1 66461 . 1 67191 
100OHz 0.392 5.81285e-05 . 1 91656 8.18425e-05 
. 
1 83779 0.196 1.53975e-05 . 
1 75727 2.28955e-05 
. 
72899 1 0.098 4.55469e-06 . 6.90672e-06 . 
1.257 2.34960e-04 
1 47366 2.36716e-04 37683 1 
200OHz 0.628 8.46016e-05 . 1 18335 9.11508e-05 
. 
1 22518 0.314 3.72534e-05 . 
1 10124 3.89892e-05 
. 
13128 1 
0.157 1.73640e-05 . - 1.77990e-05 . 
Table 2.2: Predicted EOC values for the case Or, 7ý 0 
Frequency I kh JError in pl I EOC I I FError in Vpj EOC 
0.314 2.55696e-04 
93020 0 2.90734e-04 07722 1 
250Hz 0.157 1.34186e-04 . 03825 1 1.3669le-04 
. 
09588 1 
0.079 6.53375e-05 . 03659 1 6.44656e-ý5 
. 05984 1 
0.039 3.18506e-05 . 3.0923le-05 . 
0.502 6.32659e-04 0 99630 7.72375e-04 04163 1 
50OHz 0.251 3.17140e-04 . 06644 1 3.51580e-04 
. 09840 1 
0.125 1.51434e-04 . . 1 03899 1.64202e-04 
. 
05576 1 
0.063 7.36985e-05 . 7.89884e-05 . 
0.785 2.20265e-04 
37520 1 3.00240e-04 1.55757 
100OHz 0.393 8.49119e-05 . 1 01282 1. OL999e-04 22304 1 . . 0.196 4.20805e-05 
0 94493 4.3 
3942e-Uý_ 1.00332 
0.098 2.18589e-05 . 2.1 7969eý05 
1.257 4.22776e-04 
1 73712 4.05940e-04 1.63622 . 200OHz 0.628 1.26820e-04 1 42670 1.3059le-04 1.40855 0.314 4.71745e-05 . 
26974 1 4.9192le-05 1.26713 . 0.157 1.95650e-05 2.04386 05 
Table 2-3: Predicted EOC values for the case Oc =0 
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2.3.3 Testing of the Modified Solution Procedure 
Verification of Accuracy Using an Incident Plane Wave 
As a first check of the whole modified solution procedure, a simple case has been con- 
sidered for which the exact solution can be determined. Consider the cross-section 
shown in Figure 2.18, of an obstacle composed solely of horizontal and vertical 







Figure 2.18: Cross-section used for plane wave propagation tests. Dimensions in 
metres. 
Provided that all vertical surfaces are rigid, to ensure that there is no interaction 
with the incident wave, and that all horizontal surfaces have the same admittance 
, 
8,, and are of height H such that H=0.5nA, for some integer n, then the exact 
complex sound pressure at an arbitrary receiver position r= (x, y) is given by 





The modified solution procedure of page 34 has been applied using the dimensions 
given in Figure 2.18, with horizontal surfaces which are either rigid or having an 
impedance such that P, =1 and appropriate source frequencies (k = 1.0 in the rigid 
and 2.0 in the finite impedance cases respectively). An initial element length of 
h=0.05A has been used in the discretization, subsequent simulations using reduced 
element sizes. 
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The results are presented in terms of the absolute error in the sound pressure- or 
its partial derivatives, defined as the difference between the eicact solution, given by 
(2.96), and that obtained using the modified solution procedure. Note that f, the 
approximation to p to be computed at Stages 1 and 2, is also given by (2.96) though, 
of course, the value calculated is not exactly (2.96) as (2.33) is solved numerically. 
Figure 2.19 plots the modulus of the error in each of the partial derivatives at 
receiver positions on the line EH (see Figure 2.18) for the case with rigid horizontal 
surfaces. The pressures at these receivers are those calculated during Stage 2 of the 
modified procedure (see 2.3.1). Figure 2.20 plots the equivalent errors for the case 
having non-rigid horizontal surfaces. 
In both figures, it is observed that the modulus of the error is, for the most part, 
very small in comparison to the modulus of the exact pressure and converging to 
zero as the element size decreases. The error is greatest upon the. element closest 
to each of the cutting walls (its position relative to local elements being constant, 
regardless of element size). The magnitude of these errors is attributable to the fact 
that the point of contact between each wall and the line EH coincides with a node 
between adjacent elements on the. cutting wall. In this instance, the problem lies 
with Equation (2.41) which predicts that Vp is infinite at each boundary element 
node, whereas Vp is actually continuous up to the boundary except possibly at 
corner points. 
Figure 2.21 plots the modulus of the error in the pressure calculated at receiver 
positions lying on a horizontal line above the top of the cutting (at a height y =27r). 
These are pressures calculated at the end of the modified solution procedure, i. e. 
Stage 3 (see Section 2.3.1). In both cases the errors are very small in comparison to 
the exact solution. 
For the fully rigid cross-section (Figure 2.21a), the error recorded above the 
midpoint of the cutting (kx = 0) appears independent of the elements size. Ap- 
proaching the cutting sides (kx = 5.0) there is a sharp increase in error when using 
larger boundary elements. This trend reduces as the element size is decreased. 
On 
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a) Absolute errors in the computation of the x-derivative of the pressure 









b) Absolute errors in the computation of the V-derivative of the pressure 






Figure 2.19: The absolute errors in the derivatives of f as calculated along line EH 
for a fully rigid cross-section, where x is the horizontal distance from the center of 
the cutting; -, h=0.05A; ----, h=0.025A; h=0.0125A 
02 
kx 
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a) Absolute errors in the computation of the x-derivative of the pressure 




b) Absolute errors in the computation of the y-derivative of the pressure 






Figure 2.20: The absolute errors in the derivatives of f as calculated along line 
AB for a cross-section with non-rigid horizontal surfaces, where x is the horizontal 
distance from the center of the cutting; -, h=0.05A; -h0.025A; h=0.0125A 
-4 -2 024 
-4 -2 024 
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Figure 2.21: The absolute error in p as calculated along a line of receivers 
lying 
above the top of the cutting, where x is the horizontal distance from the center of 
the cutting; -, 0.05A; ----, 0.025A; 0.0125A 
-10 -5 0 
-25 -20 -15 -10 -5 05 
10 
kx 
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either side of the cutting, the magnitude of the error increases steadily as. the mea- 
surement position moves further away. It is at the furthest receivers where reducing 
the element size has the geatest effect. 
When the horizontal surfaces are non-rigid, the greatest errors occur at the 
cutting midpoint and approaching the walls (kx = 10.0). It, is in these areas that 
the reduction in element size is most significant. On either side of the cutting the 
error decreases as the receiver moves further away. 
Overall, the magnitude of the errors suggests that the problem observed at the 
elements on line EH closest to the cutting wall has negligible effect upon the final 
results and that the modified solution procedure is a good approximation to the 
original boundary element method. 
Verification of Accuracy and Efficiency Using The Existing BEM 
Simulations have been undertaken using the modified solution procedure and the 
basic cross-section illustrated in Figure 2.22. 
y 
05 5.0 .5 
E ct 
HE LA 
T a 1.5 010.5 
Figure 2.22: Cross-section with cutting used to test the modified solution procedure. 
Dimensions in metres. 
Results have been obtained for both horizontal and inclined cutting floors (0 = 
0' and 3.40 respectively). In each case, fully rigid, fully non-rigid and combined 
rigid/non-rigid cross-sections have been tested. Comparisons have been made with 
results obtained using the existing BEM and equivalent cross-sections positioned 
wholly above the line y=0. These are shown in Figures 2.23 and 2.24, representing 
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y 







Figure 2.23: Approximation to cross-section and coordinate system used with the 
existing BEM - Cutting with horizontal floor (0 = 0'). Dimensions in metres. 
horizontal and inclined cutting floors respectively. The modified solution procedure 
assumes during Stage 1 that the ground on either side of ý (see Figure 2.13) is of 
the same admittance, ,,, as 
thetutting floor. In the calculations with the existing 
BEM the integral equation solved is (2.9), with &= &1, and -y the part of the 
boundary defined by the bold line in Figure 2.23 or 2.24. 
y 
x 
Figure 2.24: Approximation to cross-section and coordinate system used with the 
existing BEM - Cutting with inclined floor (0 = 3.40). Dimensions in metres. 
For the fully non-rigid tests, the surface impedance characteristics have been 
-4 defined as follows: The cutting floor has a flow resistivity, a= 20,000 NSM and 
effective depth = oo; all other surfaces (including the outlying ground of the initial 
cross-section) have a flow resistivity, a= 250,000 Nsm -4 and effective depth = 00. 
For the combined test, the cutting floor and outlying ground are assumed rigid, all 
other surfaces having flow resistivity, a=5,000 Nsm. -: 4 and effective depth = oo. 
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Results are presented for an A-weighted third-octave band traffic noise spectrum 
(0.6 - 3.2 kHz) (see Section 3.2.1) in terms of the error between the existing BEM 
and the modified procedure i. e. (SPLexisting - SPLmodified ) (Each calculation of 
the SPL for the whole spectrum is a combination of monofrequency sound pressure 
levels calculated at the 18 third-octave band centre frequencies). The source is 
located midway between the cutting walls, at a height of 0.25 or 0.2 m above the 
cutting floor, for 0= 0' and 3.4' respectively. Receiver positions are located at 
-5.0, -10.0 and -15. Orn from the vertical axis of the cuttIng and at heights of 1.5 and 
4.5m above the outlying ground (y =0 in Figure 2.22). For the existing method., 
all receiver positions are translated/ rotated accordingly. 
Receiver Positio -5.0, - 10-0, 
1 ý -15.0, -5.0, -10.0, -15.0, ý CPU 
1.5 1.5 1.5 1.5 
ý 
4.5 4.5 savi 
HA: Rigid -0-03 -0-60 1.61 0.02 -0.01 0.10 77.2 
HB: Non-rigid -0-01 -0.07 -0-14 0.01 -0.02 -0 . 03 
66.9% 
HC: Combined -0.49 -1.50 0.08 -0.01 -0.04 -0.99 76.6% 
Figure 2.25: Error in SPL, dB(A), for cuttings with a horizontal floor (0 = 0') 
Figure 2.25 shows the error between the results obtained for the cutting with the 
horizontal floor (0 = 0' in Figure 2.22). Considering case HB, the fully non-rigid 
cutting, the agreement between the two methods is very good with the error not 
exceeding ±0.15 dB(A). For the cross-sections incorporating a rigid cutting floor 
(HA and HC), greater errors are observed up to ±1.6 dB(A), the poorest agreement 
being largely in the case where the impedance of the cutting walls is non-zero. The 
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reduction in CPU time achieved through using the modified procedure is at least 





Receiver Position 5.0, ý -10.0, ý -15.0, ý -5.0, -10.0, ý -15.0, 
1 CýU ý 
IA: Rigid -0.20 -0.13 -0.14 0.00 -0.11 0.08 79.2% 
IB: Non-rigid -0.18 -0.22 -0.23 0.00 -0.08 -0.10 70.7% 
IC: Combined -0.26 -0.31 -0-03 -0.07 -0.10 -0.20 80.0% 
Figure 2.26: Error in SPL (dB) for cuttings with an inclined floor (0 = 3.4') 
The errors for the cross-sections incorporating an inclined floor (0 = 3.4') are 
presented in Figure 2.26. For the simulations using the modified procedure the line 
EH is horizontal as in Figure 2.22. In all cases the magnitude of the errors does not 
exceed ±0.30 dB(A) and the reduction in CPU time is between 70-80%. 
For the cross-section incorporating an inclined floor (0 == 3.4') and the fully 
rigid case, (IA), results have also been obtained using the modified procedure with 
the line EH set parallel to the cutting floor. Figure 2.27 shows that no significant 
change is evident on changing the inclination of line EH (case ID), in terms of either 
the magnitude of the error or the reduction in CPU time. 
For those cross-sections where the cutting floor is rigid (HA, HC, IA and IC), a 
plausible explanation for the large magnitude of some of the errors is the coincidence 
of one or more of the third-octave band centre frequencies with an eigenfrequency 
of the interior problem of Figure 2.3, leading to non-uniqueness of solution of the 









, i, ' 
-0.2 
I .............................................................. ........... I .................. 
5 ............................... I .................................................. 
D---IIU ..... IF ..... lu ir 
5...... . ... ........ . ..... .... ................. 
Receiver Position -5.0, -10.01 -15.0, -5.0, -10.0, -15.0, CPU 
1.5 1.5 1.5. 1.5 4.5 4.5 saving 
IA: OldR - NewR -0.20 -0-13 -0.14 0.00 -0.11 0.08 80.0% 
ID: OldR - NewR2 
1 ý 
-0-19 -0.12 -0.13 0.00 -0.11 0.08 80.0% 
57 
Figure 2.27: Error in SPL, dB(A), for a fully rigid cutting with an inclined floor 
(0 = 3.40); OldR: existing BEM; NewR: modified procedure, EH horizontal; NewR2: 
modified procedure, EH inclined 
boundary integral equation (see Note 3 on page 16). Equation (2.30) suggests that 
this is a greater possibility in the application of the original method rather than the 
modified procedure, since the area of the interior region underneath 7 in the existing 
method is considerably larger than that underneath ý ly. 
As a check of this explanation, simulations have been performed for the combined 
impedance cutting with a rigid horizontal floor (HC) using a non-zero value of 6, 
(corresponding to a flow resistivity a= 250,000 Nsm-1 ) in the existing boundary 
element method, equation (2.9), and the same non-zero admittance 8,1 in equation 
(2.33) of Stage 1 of the modified solution procedure. Since P. and Pj no longer 
coincide with the (zero) admittance of the cutting floor, this involves extra com- 
putational cost as the integrals over y and ý, in (2.9) and (2.33) respectively, have 
to be extended to include integration also over the cutting floor FG. Further, the 
Green's function Gp, in the kernel of the integral equations is much more expen- 
sive to compute when ,00. 
On the other hand, since 0 (crucially 
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- 
r HF 
Receiver Position - 5.0, ý -10-0) 1 --15.0, -5.01 -10.0, -15.0, CPU 









HC: OldR - NewR -0.49 -1-50 0.08 0.01 -0.04 -0.99 76.6% 
HD: OldA - NewR -0.62 -1.61 -0.54 0.04 0.11 -1.01 90.5% 
HE: OldR - NewA 0.12 -0-08 0.35 -0.03 -0.15 -0.15 -27.1% 
HF: OldA - NewA -0.01 -0.19 -0.27 0.00 0.00 -0.17 48.4% 
08 
Figure 2.28: Error in SPL (dB) for the combined impedance cutting with a horizontal 
floor (0 = 0'); OldR: existing BEM, 3, = 0; OldA: existing BEM, 0, ý4 0; NewR: 
modified procedure, 0,1 = 0; NewA: modified procedure, 0,1 :, ý 0 
Rý,, Rý3,1 > 0) the interior problem of Figure 2.3 no longer has eigenfrequencies. 
The differences between the various simulations are presented in Figure 2.28. It 
is observed that the smallest differences between the modified and existing BEM are 
achieved for the most part when using non-zero values of 0, or 0,1 in the respective 
methods (HF in Figure 2.28). The differences between the existing method, using 
0, = 0, and the modified procedure with 0,1 00 (HE in Figure 2.28) are also a 
significant improvement on the original comparison with ý, == 0,1 == 0 (HC in Figure 
2.28), although it is observed that the relative efficiency of the modified procedure is 
seriously affected, the calculations taking over 25% longer than the existing method 
with 0, = 0. The indication is that one or more of the third-octave band centre 
frequencies approximately coincide with an interior eigenfrequency in the modified 
procedure rather than in the simulation using the cross-section of Figure 2.23, though 
this could not have been predicted a priori. 











Figure 2.29: Plot of SPL values at receiver coordinates (10.0,1.5) for the combined 
impedance cutting with a horizontal floor (0 = 0"); o existing BEM, 8, = 0; A 
modified procedure, ', = 
0. 
When using both 3, =0 and Pl = 0, the broadband error measured at receiver 
coordinates (10,1.5) is -1.5 dB(A). Figure 2.29 compares the corresponding SPL 
spectra. The agreement between the two methods is visibly poor, particularly at 
1600 and 2500 Hz. 
For the same cross-section, source and receiver positions, Figure 2.30 shows the 
resultant spectra when using 6, =A 0 in the existing method and 3,1 5A 0 in the 
modified procedure. 
Introducing the impedance boundary into the simulation using the existing 
method affects the SPL predicted at 400 Hz, and 1600 Hz and above, the most 
notable effect being a reduction of approximately 8 dB at 3150 Hz- Overall this pro- 
vides better agreement with the original simulation using the modified procedure 
for frequencies up to 1600 Hz- However, the error at 2500 Hz is not significantly 
reduced and that at 3150 Hz is increased, leading to the broadband error of -1.61 
dB(A) given in Figure 2.28 (HD). 
70 100 200 400 7001000 2000 
Frequency (Hz) 
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Figure 2.30: Plot of SPL values at receiver coordinates (10.0,1.5) for the combined 
impedance cutting with a horizontal floor (0 = 0'); x existing BEM, 0; Zý 
modified procedure, &I = 0; + modified procedure, 0,3 5A 0. 
The use of 6.1 54- 0 in the modified procedure provides the greatest evidence 
that the errors are largely attributable to the occurrence of eigenfrequencies, with a 
reduction in level of approximately 16 dB at 2500 Hz and 5.5 dB at 3150 Hz. Using 
the impedance boundary in both methods improves the agreement over most of the 
frequency range considered, reducing the broadband error to -0.19 dB(A) (HF). 
Similaxly, Figure 2.31 compares the effect of introducing the impedance boundary 
for the case of the fully rigid cutting with the inclined floor. The most noticeable 
improvement is observed at a height of 1.5 m for the receivers at 10 and 15 m from 
the cutting axis. In this instance the reduction in CPU time is only 5% poorer than 
that when both pr, and Pr-, are zero. 
It should be noted that the cross-section in Figure 2.22 is small in comparison to 
actual typical cross-sections and that the receiver positions are in close proximity to 
the cutting. This is because of the increased computation requirements for modelling 
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4.5 4.5 saving 
IA: OldR - NewR -0.20 -0.13 -0.14 0.00 -0.11 0.08 80% 
IF: OldA - NewA -0-16 -0.15 -0.14 0.01 -0.04 -0.10 71.1% 
IE: OldR2 - NewR -0-19 -0.40 -0.28 0.02 -0.01 -0.10 87.7% 
IG: OldA2 - NewA -0.19 -0.15 -0.16 0.03 -0.01 -0.09 75.4% 
Figure 2.31: Error in SPL, dB(A), for a fully rigid cutting with an inclined floor 
(0 = 3.4"); OldR: existing BEM, horizontal floor, (ý3, = 0); OldR2: existing BEM, 
inclined floor, 0, = 0; OldA: existing BEM, horizontal floor, 0, ý4 0; OldA2: existing 
BEM, inclined floor, 3, :ý0; NewR: modified procedure, EH horivontal, 0; 
NewR2: modified procedure, EH horizontal, 0,: ý 0. 
large cross-sections/distant receivers using the existing BEM (see Section 2.1). For 
the existing BEM the CPU time required is approximately (c. f. (2.31)) 
C3 
3 
Nf + Ci Nf' seconds (2.97) 
where Nf is the number of boundary elements on -y for a given source frequency f, c is 
the time for a single complex multiplication and addition, and C, is the time required 
for a single evaluation of the function G, 8, . The storage requirement when calculating 
in double precision (8 bytes storage for each real number) is approximately 
16N f 2_ MB 
10242 
(2.98) 
Consider the cross-section in Figure 2.23. The existing BEM solves the, integral 
equation (2.9) with -ý the part of the boundary indicated with a bold line, of total 
length 32 m. For a source frequency of 3150 Hz and an element size of 0.15A, then 
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N ; z, - 1960, requiring approximately 59 MB of RAM. If the furthest receiver were. at 
40m, then these figures would increase to 3490 elements and 186 MB respectively. By 
comparison, in the integral equation (2.33) solved in the modified procedure, ý (see 
Figure 2.13) has a maximum length of 11 m., Using the same source frequency and 
element size, then N ý- 674 and the storage requirement reduces to approximately 7 
MB of RAM. The CPU time required for the modified procedure is approximately 
CN 
13 + C2N, (Ni + N2) seconds (2.99) 3 
where C2 is the time required for a single evaluation of Gpc 
,,, 
N, is the number of 
elements on ý, and N2 the number of elements on EH. 
To provide a final comparison with the existing BEM, two simulations have 
been carried out using the cross-sections shown in Figure 2.32. In addition to the 
increased dimensions, the furthest receiver positions are located a distance of 40 m 
from the vertical axis. In each case the flow resistivity is set at a=7,000 Nsm -4 
for the cutting floor and a= 250,000 NsM-4 for all other surfaces including the 
outlying ground. The source position is within the cutting, 2.5 rn to the left of the 
centre line at a height of 0.5 rn above the cutting in case a) and 0.26 rn in case 
b). The crosE; -section used in the original method which is the equivalent of Figure 
2.32b has been rotated such that the cutting floor lies on the line y=0. In both of 
the cross-sections used in the original method the length of -Y in equation (2.9) is in 
excess of 50 m, so as to model propagation out to the furthest receiver positions. 
The errors between new and old methods are presented in Figure 2.33. For the 
most part, the error is less than 0.1 dB in magnitude. The reduction in computation 
time achieved by implementing the modified solution procedure for these cross- 
sections is again in the order of 70-80%. 
From the results obtained for the different cro§s-sections, it is evident that the 
error between the existing method and the ' 
modified procedure varies according to 
the geometry of the cross-section. In cases where the error is particularly poor, 
evidence has been presented to suggest strongly that this is largely attributable to 
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Figure 2.32: Larger cross-sections incorporating cuttings. Dimensions in metres. 
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Figure 2.33: Error in SPL (dB(A)) for large cross-sections 
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the occurrence of eigenfrequencies in either/both methods. This problem can -be 
eliminated through a choice of P, 00 in the existing method and during Stage 1 
of the modified procedure. Otherwise the agreement between the two methods is 
generally very good. 
Implementation of the modified procedure offers a significant reduction in the 
computation time required for such cross-sections (generally 75-80% based upon 
the comparisons presented here). The modified procedure is less computationally 
efficient when using, 8,, l 00 during Stage 1, since then includes the cutting floor. 
However this offers the most accurate predictions of sound pressure level and, in 
comparison to using the existing method with fl, 0'0, still offers a very useful 
saving in CPU time. 
Comparison with a Coupled Integral Equation Method 
An additional check upon the accuracy of the approximate modified solution proce- 
dure has been carried out by making comparison with an exact boundary element 
method which uses a system of coupled integral equations [100,101]. This indepen- 
dently developed BEM can calculate exactly (if a small enough boundary element 
size is used) propagation from a cutting lying entirely in the lower half-plane y :50 
out onto surrounding flat homogeneous impedance ground coincident with the line 
y=0. The unknowns are the pressure on the sides and bottom of the cutting, and 
the pressure and its normal derivative at the interface with the upper half plane 
(the continuation of the flat ground line). Limited results were available from this 
method, so only a single cross-section has been studied. This is shown in Figure 
2.34. The source is 0.5 m above the cutting floor. All non-rigid surfaces have a flow 
resistivity, a= 250, OOONSM-4. 
The results, in terms of the error in SPL between the methods (coupled integral 
equation method - modified procedure) are shown in Figure 2.35 (the coordinates of 
the receiver positions are given relative to point A in Figure 2.34). Three separate 
calculations using the modified procedure have been made, using different parts of 
the cross-section to define the cutting floor (the line FG in Figure 2.13); The first 
calculation uses the grass surface DE as the cutting floor, and 0,1 :ý0 is taken as 
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0.90 05 2.25 2.5 4.5 4.5 071 0.19 
Figure 2.34: Cross-section for verification of method accuracy. Dimensions in me- 
tres. In the modified solution procedure 77 is the arc SABCDEFGT, where S and 
T are the projections of A and G, respectively, onto the line of the cutting floor. 
0,1.0 1 -50,1.0 1 -60,1.0 1 -40,3.0 1 -50,3-0 -60,3 
A: ist calculation -0.03 -0.04 -0.05 0.04 0.03 0.02 
B: 2nd calculation -0-04 -0.04 -0.05 0.05 0.04 0.02 
C: 3rd calculation -0-04 -0.04 -0.05 0.02 0.01 0.01 
Figure 2.35: Error in SPL (dB(A)(A)) between modified solution procedure and 
coupled integral equation method. Ist calculation: cutting floor defined as AB, 
Oc 
,40; 
2nd calculation: cutting floor defined as BC, 0; 3rd calculation: 
cutting floor defined as BC, 0,1 ýý 0. 
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the value for grassland at each frequency. The second and third calculations use the 
rigid surface CD as the cutting floor with 8,1 =0 in the second calculation, and in 
the third 8,1 :A0 takes the same grassland values as in the first calculation. 
The results achieved show that there is excellent agreement between the two 
methods, any errors being no greater in magnitude than 0.06 dB. Additionally the 
effect of changing from P,,, =0 to 8,1 : 7ý 0 in between the second and third calcula- 
tions is small and only evident at the higher receiver positions. 
Clearly these results further validate, via a comparison with an independently 
written and quite different boundary element code, the approximations made in the 
modified solution procedure. 
It is interesting also to compare the efficiency of the modified solution proce- 
dure with that of the exact boundary element method based on a coupled integral 
equation formulation. For the cross-section shown in Figure 2.34, ý in the modified 
solution procedure is the arc SABCDEFGT, with S and T the orthogonal pro- 
jections of A and G, respectively, on the line of the cutting floor. The CPU time 
required for the modified solution procedure is given by (2.99) with N, the number 
of elements on ý and, for the cross-section shown in Figure 2.34 and the calculations 
reported above, N2 is the number of elements BF. By contrast, for the coupled 
integral equation formulation [100,1011, the CPU time required is approximately 
c )2 
22 3 
(N3 + 2N2 + CIN seconds (2.100) 
where N3< N, is the number of elements on the sides and bottom of the cutting, 
BCDEF in Figure 2.34. For large problems, the CPU time consumed is dominated 
by the first term in (2.99) and (2.100), and this first term is much larger in (2.100) as 
a set of N3+ 2N2 simultaneous equations is being solved rather than the N, simul- 
taneous equations in the modified solution procedure. As a result, the requirements 
for storage are similarly in favourof the modified procedure: the modified procedure 
and coupled integral equation method require respectively 
16N 12 MB and 
16 (N3 + 2N2 )2 MB ý 0-2 4-2 10242 
of RAM. 
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2.4 Conclusions 
The two-dimensional boundary. element method is well proven for the study of road 
traffic noise barriers. However certain characteristics of the method place limitations 
upon its application. Modifications have been made to the method in order to 
improve its computational efficiency and to extend the types of cross-section which 
can be modelled with this method. 
The first improvement has been to adapt the method to allow for the efficient 
simulation of cross-sections in which noise barriers are situated on a ground plane 
with two distinct impedance values (e. g. a road surface and grassland). The mod- 
ified two-stage procedure has been applied specifically to model parallel barrier ar- 
rangements where the ground between the barriers is of different admittance to that 
outside. The results obtained give reasonable agreement with those predicted us- 
ing the existing method and suggest that the inclusion of a small area of ground 
immediately outside the barrier arrangement during Stage 1 (to model better the 
outlying ground condition) is unnecessary. Additional simulations with different 
ground conditions suggest that the accuracy of the modified, procedure is reduced 
when the flow resistivity of the outlying ground is low. For the cases considered, 
the computational efficiency of the modified procedure (in terms of required CPU 
time) is better by as much as 90% in comparison to the existing method, making 
the modified procedure a very useful prediction tool. It is expected that the saving 
in CPU time will increase with the barrier separation, although not significantly 
above the figures observed in this study. Successful application of the procedure has 
been reported for -the study of both parallel barrier arrangements and cases of single 
barriers where different ground types exist on either side of the barrier [124]. 
The second modification to the method has- been made to extend its efficient 
application to cross-sections where a cutting lies below the level of the main ground 
plane. The revised method is a three-stage approach. Testing using an incident 
plane wave and comparison with results predicted using a coupled integral equation 
method indicate that the modified procedure is accurate in its calculations and 
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that the approximations used are good. Comparisons with the existing ýoundary 
element method are generally very good although the predictions for cross-sections 
incorporating rigid ground either as the outlying ground plane or the cutting floor 
show some discrepancy. This has been shown to be largely due to the occurrence 
of eigenfrequencies in either the existing method or the modified procedure. The 
reduction in CPU time has been shown from these tests to be commonly of the order 
of 70-80% and although this figure is reduced when 0,0 0 and 0,10 0, the saving 
is still significant enough to justify use of the modified procedure. The magnitude 
of this reduction is more dependant on the proximity of the receiver positions to 
the cutting rather than the geometry of the cutting itself, the greatest benefit being, 
achieved for very distant receiver positions. Additionally the storage requirements, 
in terms of RAM, are significantly reduced using the modified procedure. 
Chapter 3 
Interference-Type Noise Barriers 
In this' chapter, a study is presented of interference type noise barriers. These 
are barriers where, in addition to the diffraction over the top edge, sound propa- 
gation also occurs along paths directly through the barrier by means of ducts or 
holes. These additional paths induce a phase change through either the increased 
pathlength or sound absorption, so that on the far side of the barrier destructive 
interference occurs between the ducted and diffracted sound paths. A review of pre- 
vious work is presented in Section 3.1, covering both barriers and individual devices 
which generate similar effects. A detailed study is then performed upon a device 
originally reported by- Mizuno et al [84,851. Section 3.1.4 deals with the origins 
of the device and subsequent development which has given rise to the profile as 
presently commercially available. Full scale testing of this configuration has been 
performed by the author using the Noise Barrier Test Facility at TRL. The layout 
and procedures followed are described and the results presented in Section 3.2. The 
acoustic mechanisms of the device are discussed and comparisons made with pre- 
dictions using the two-dimensional boundary element method described in Chapter 
2 on an equivalent cross-section. The efficiency of the device is also compared with 
a multiple-edge noise barrier profile, which is described in more detail in Chapter 5. 
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3.1 A Review of Previous Work 
Studies have been reported over a number of years which have investigated the 
performance of a range of different interference-type barrier designs of varying com- 
plexity and practicality. The designs broadly fall into 3 categories - barriers with 
sections of the profile removed or "thnadners", arrays of rigid strips, and waveguide 
filters - all of which are discussed in the following sections. Some of these designs 
have been proposed as replacements for standard plane screens, whilst others are 
intended as an addition to the top of an existing barrier. The final interference 
device discussed is one which is currently in commercial use. 
Thnadner barriers 
Studies of the performance of barriers formed from shaped sections or "thnadners", 
where the profile of the barriers varies along their length, e. g. as shown in Figure 
3.1, have been variously reported by several authors. In such instances the degree to 
which sections of the barrier have been removed is expressed as a percentage of the 
original area along the length of the barrier. Thus, a 50% open structure (Figure 
3.1a) is one which has had 50% of the original area removed. The theory behind 
such devices is that a deepening of the acoustic shadow can be achieved through 
interference effects [125]. The set-up and results of the experiments reviewed here 
are summarised in Table 3.1. 
Three different designs of thnadner were tested by Wirt [125] (tests a) in Table 
3.1), these being the sawtooth, flat-top and splitter-types as shown in Figures 3.1 
and 3.2. The latter type has a profile which varies both parallel and perpendicular 
to the length of the barrier, the intention being to introduce duct effects as an 
additional attenuation mechanism. The experiments were performed at 1: 16 scale 
on a surface representative of rigid ground using a broad-band pink noise source 
(which gives a flat spectrum when plotted in octaves) with a frequency range 75 
- 4000 Hz. All three types were treated with sound absorptive felt (having a flow 
resistivity a= 60 cgs rayls and depth as specified in the table), the sawtooth and 
flat-top designs on the source facing side, and the splitters on both surfaces. The 
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Figure 3.1: Thnadner barriers as tested by Wirt [125], viewed perpendicular to the 





Figure 3.2: Splitter-type thnadner arrangement (84 % open) as tested by Wirt [125]. 
Dimensions in metres at full scale. 
devices shown in Figure 3.1 were mounted on top of a plane reflective screen, and in 
the case of the splitter-type thnadners (Figure 3.2) on top of a reflective embankment 
type profile. In the case when the overall barrier height was 6m rather than 4.8 
m, a 1.2 rn height plane absorptive screen was inserted between the thnadners and 
the reflective screen below. However for reasons not explained by Wirt, no increase 
in source and receiver heights were introduced to allow for the increase in barrier 
height. The results from these tests are summarised in Table 3.1 
The flat-top thnadner was observed to be the most effective design relative to 
both reflective and absorptive plane screens, providing additional insertion loss of 
up to 4.5 dB(A) over the distances considered. However comparison between the 
different designs is hindered by the variation also in barrier and source height. The 
absorptive splitter panels performed poorly, providing lower screening levels than 
a) saw-tooth thnadners (50 % open) b) flat-top thnadners (25 % open) 
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the reflective plane screen of the same height, particularly in the region close behind 
the barrier. Generally the performance of the different devices improved as the 
receiver moved further from the barrier, and measurements taken at a series of 
positions parallel to the barrier indicated that the behaviour of the flat-top and 
saw-tooth profiles was generally uniform. It was proposed [125] that such designs 
might be advantageous since less material is required than for a plane screen and the 
attenuation provided is of a similar order. However, no measurements were taken 
to assess the influence of either the source or receiver height upon the effectiveness 
of the designs. 
May and Osman [82] conducted similar experiments on a surface representative of 
grassland using both reflective and absorptive sawtooth and splitter-type thnadners 
mounted atop barriers or walls (tests b), Table 3.1). No precise dimensions are given 
for the designs, but the overall height was 4.9 m at full scale, compared to an overall 
height of 4.8 m in the previous study. It is unclear as to the precise characteristics 
used for the absorptive treatment, although the sound absorption coefficient, a, 
appears to have been between 0.61 - 0.8. The source position was below the level 
of the bottom of the thnadners. The results presented in the table are the average 
levels over the four specified receivers, although two measurements were performed 
at each receiver; one in which there was a direct line of sight between the source 
and receiver and one in which the line of sight was interrupted by the array. The 
results show that all four configurations provided on average 2.2 - 6.6 dB(A) less 
screening than a simple reflective barrier of the same height. The introduction of 
absorptive treatment rendered the designs slightly more effective, particularly at the 
receiver position closest to the barrier. Again, no measurements were performed to 
investigate the effect of source and receiver height upon the thnadner efficiency. 
Hutchins et al [64] conducted a further series of experiments at 1: 80 scale on 
rigid and absorbing ground using the sawtooth and flat-top thnadners tested by 
Wirt (Figure 3.1) and the test geometry of May and Osman, i. e. a source position 
12.2 m behind the barrier at a height of 1.2 m, an overall barrier height of 4.9 m and 






Figure 3.3: Barriers as tested by Hutchins et al [641. Dimensions in metres at full 
scale. 
a single receiver position at 12.2 m from the barrier. For both ground conditions, the 
thnadner designs were observed to be less efficient than the plane screen of equivalent 
height. In addition, two designs of reflecting barrier with horizontal sections removed 
were considered [641 as shown in Figure 3.3. Type A was equivalent to a 50% open 
thnadner, in terms of the percentage open area in the top 2.4 m, whilst the variable 
gap in Type B was either 0.5 or 1.0 m. The attenuation provided by these designs 
was comparable to or worse than that resulting from use of the thnadner devices. 
In related work, Wassilieff [117] reported on 1: 2 and 1: 4 scale model experiments 
using picket barriers. These were similar to the flat-top thnadners of Wirt except 
that the gaps between adjacent pickets were of uniform width over the height of the 
barrier. 
The reported tests on thnadner designs present a mixed picture, although for 
the most part it appears that they are less efficient than plane screens of equivalent 
height even when these are reflective. An accurate assessment is prevented due to 
the variation in source and barrier height, and the receiver positions chosen in the 
different studies. Considering the work by Hutchins et al [64] in particular, a single 
receiver position is insufficient to provide any meaningful insight into the behaviour 
of the device. For any practical application of such devices to be considered, partic- 
ularly in the field of road-traffic noise abatement, much more detailed studies would 
be necessary to establish the effects of source and receiver height upon performance 
and particularly source positions closer to the barrier. No consideration has been 
Type (A) Type (B) 
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given as to how these devices would behave if used to provide the full barrier height, 
i. e. erecting the devices directly onto the ground, and other work, e. g. [1211 has 
shown that significant improvements in screening can be achieved through the use 
of additional barrier elements without increasing the height of any existing barrier. 
3.1.2 Rigid strip networks 
Early studies into the acoustic performance of waveguides were carried out by Am- 
ram and Stern [3], using arrays of rigid strips arranged in the shape of d. prism such 
that adjacent rows of strips formed slotted ducts (Figure 3.4). At low frequencies 
where the wavelength of the incident sound is much greater than the width of the 
strips, the ducts allow the propagation of . "slow waves" (i. e. the phase velocity 
within the waveguide is less than that in free-field). Above the resonant frequency 
(where the wavelength approaches twice the width of the strips) the prisms were 
intended to behave as a waveguide filter in that a series of pass-bands and stop- 
bands occur. In the stop-bands, sound energy is reflected by the prism resulting in 
backward scattering; less reflection occurs in the pass-bands. 
Various shapes of prism were tested at 1: 10 scale, the dimensions of which are 
given at full scale in Figure 3.5. At full scale the test arrangement was as shown 
in Figure 3.6 [3]: a broadband pink noise source, with frequency range 0.1 -2 kHz 
was positioned at 51 m from the centre of the prism under study, the separation 
being sufficient to approximate incident plane waves. The prism was mounted on 
a turntable which was rotated in front of the source to allow the effects of different 
angles of incidence to be measured. The source and receiver microphone were set 
at the same height. To prevent sound propagation around the sides of the prism, a 
conical horn was set against one face, with the measurement microphone mounted 
in the throat of the horn at a distance of 6m from the prism. 
It was observed that the scattering patterns varied depending upon the frequency 
of the incident noise. The insertion loss resulting from the introduction of the 
CHAPTER 3. INTERFERENCE-TYPE NOISE BARRIERS 
Propagation 
direction 

















0.51 0.03 0.19 0.13 14.0 5 1 2 
B7 0.51 0.01 0.19 0.19 15.3 6 2 2 
D 0.51 0.01 0.10 0.13 24.0 5 3 3 
1 0.19 0.01 
- 
0.10 0.13 42.0 10 3 6 
H 0. T5, ý 0.03 1 0.25 1 0.25 1 56.0 1 6 3 2 
tPrism B is isosceles 
Figure 3.5: Different prism arrangements as tested by Amram and Stern [3]. Di- 
mensions in metres at full scale. 
Conical horn IVrntable 
6.0 51.0 
Figure 3.6: Plan view of experimental arrangement used by Amram. and Stern [3] 
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prisms was calculated for each third-octave band of pink noise within the consideTed 
frequency range. However this was only for the case of a single receiver position, 
when the line of sight between source and receiver was perpendicular to the rear 
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Frequency (Hz) 
Figure 3.7: Predicted insertion loss spectra for different prism arrangements as tested 
by Amram and Stern [3]. Prism arrangements as detailed in Figure 3.5: o, prism A; 
*, prism B; +, prism D; A, prism I; x, prism H. 
Although not the most efficient, the isosceles prism with wide horizontal spacing 
between the strips (prism B in Figure 3-5), equivalent to a 20% open structure 
(Section 3.1.1) was claimed as providing the behaviour most representative of such 
an open structure, although the explanation for this choice is unclear. Figure 3.7 
shows no single prism to be the most effective over the full frequency range. It was 
claimed by the authors that comparisons of the prism with a solid barrier showed 
attenuation levels to be similar, although no details or evidence were presented to 
substantiate this claim. It was suggested [3] that such a prism may provide a means 
of enhancing ground effect and that the flexible nature of the structure may provide 
improved safety conditions if installed as a highway noise barrier. However, the tests 
reported were conducted in the absence of a ground plane and together with the 
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limited source and receiver. positions considered provide insufficient evidence that 
such a structure could be effectively used as a purpose-built noise barrier. 
In related work, Amram et al [4] extended the study to find an effective theo- 
retical approach to calculate, for a specific prism arrangement, the first stop-band 
frequency at which 180" phase difference could be achieved relative to propagation 
in free-field, whilst also optimising the overall effectiveness of the prism through 
selection of appropriate strip widths and separation. 
3.1.3 Waveguide filters 
The waveguide filter shown in Figure 3.8 is based upon the rigid strip networks 
described in [31 and (4], and was tested by Amram and Chvojka [6]. The design is 
such that at low frequencies, the exit of the waveguide and the rear diffracting edge 
behave as secondary line sources, the two being coherent over, a short bandwidth. 
When the phase lag between the two paths is 180* and the amplitudes are similar, 
the effect is to create a vertical dipole line source. 
The aim of the tests was to validate a mathematical model for calculating the 
phase lag and insertion loss between these secondary sources. Experiments were 
conducted at 1: 4 scale under anechoic conditions using the source/receiver geometry 
of Figure 3-8. The device was at sufficient height above the floor to ignore ground 
reflections and mounted on a fibreglass block. 
The two microphone positions corresponded to the approximate secondary source 
locations, and the dimensions of the device were chosen to provide optimum attenu- 
ation at 500 Hz. The source emitted white noise over the frequency range 200-1000 
Hz (at full scale). Good agreement was observed between the measurements and 
numerical predictions. Total phase reversal between the two paths (through and 
over the top of the waveguide) was observed to occur around 525 Hz. It was found 
that the effective frequency range could only be widened by blocking the path from 
the exit slot to the upper receiver position. 










Figure 3.8: Waveguide filter as tested by Amram and Chvojka [6]. 
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The mathematical model was extended by Nicolas and Daigle [96] to allow for 
reflections in the ground surface. The filter, which was formed from five slots instead 
of the four tested in the previous study, was inserted into a barrier of the same width 
such that the barrier extended above and below the filter. The experiments were 
performed for cases of either rigid or finite impedance ground on the receiver side 
of the barrier ( or = 30 cgs rayls in the latter case), but always with rigid ground on 
the source side. Measurements were taken for various source and receiver heights 
and separations from the barrier. Good agreement was achieved between the theory 
and experiments. However comparing the efficiency of the waveguide filter in the 
presence of the different ground conditions is difficult due to the varying source and 
receiver positions. 
The use of such waveguides and half-waveguides in columns, thereby forming 
multi-polar barriers as shown in Figure 3.9a has been reported for both scale model 
and full scale tests [36,7]. 
Droin et al. [36] performed 1: 4 scale model experiments in the absence of the 
ground for configurations similar to Figure 3.9a, using a source emitting white noise 
positioned 3m from the barrier (to approximate incident plane waves). Receiver 




positions were placed close to the exits of the waveguides and an additional barrier 










a) Multipolar waveguide b) Full dipolar c) Half waveguide 
waveguide 
Figure 3.9: A multi-polar waveguide barrier and its basic components. Dimensions 
in metres at full scale (from [7]). 
mounted on the top of the arrangement to minimise propagation directly over the 
device. It was established that for a basic waveguide of width Lg comprised of N 
cavities and with vertical separation B (Figure 3.9b) , the phase 
lag introduced was 
similar to that for a half-waveguide at height B/2 above a reflective surface. (Figure 
3 . 9c). 
The experiments also indicated that for a fixed height, H, it is possible to 
optimise the horizontal dimensions of the waveguide, such that one of width L9/2 
provides a similar phase lag to one of width Lq. This was achieved through a 
reduction in the separation between adjacent strips. 
This would suggest that a barrier could be comprised solely of half-waveguides 
stacked on top of one another, with the possibility of their application as noise 
barriers improved due to the reduced dimension L.. However at this stage, no 
detailed study of the devices had been reported for receivers other than those in 
very close proximity to the waveguide, particularly with regard to determining the 
extent of the interference region. Further more, all source positions had been chosen 
to approximate plane wave incidence, which is not particularly characteristic of road 
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traffic noise sources and, with the exception of [96], the tests had been conducted 
in the absence of a ground plane. 
These problems were addressed by Arnram et al [7,5], who conducted scale 
model experiments for both the multipolar device of Figure 3.9 and the same array 
with only the upper waveguide open (the configuration being similar to mounting 
the device of Figure 3.9b on a wall). Comparisons were drawn with a solid barrier 
of the same overall height. The experiments were performed at 1: 20 scale. At full 
scale, the test arrangement was as follows: an array of ultrasonic whistles was placed 
in the ground, at 41 rn from the barrier (on the left hand side in the figure), and 
an array of 128 receiver microphones sited behind the barrier at distances between 
5 and 125.6 m, and heights of 1.2 - 19.2 rn above ground. The frequency range of 
interest (at full scale) was 50 - 1000 Hz. 
Relative to the solid barrier, the attenuation provided by the dipolar device 
varied from ±2dB- However around -the tuning frequency of the waveguides, at 100 
Hz, the performance of the waveguide improved, with attenuation throughout the 
shadow zone being consistently better than the solid barrier by as much as 4 dB. 
The multipolar waveguide was observed to be more efficient than the dipolar 
arrangement, providing an additional 1-2 dB attenuation relative to the solid 
barrier at almost all receiver positions. Around the tuning frequency, at 100 - 125 
Hz, the additional attenuation was as much as 3-5 dB with the performance being 
maintained even above the shadow zone. 
Comparisons between 1: 20 scale model and outdoor full scale measurements were 
made [7,5] for the same arrangements using a source at 20 m from the barrier in 
the ground and receivers at 20m from the barrier and heights of 1,2,3 and 4 
m. In the case of the full scale measurements, an additional source was used at 
a height of 1.5 m (the two positions being representative of tyre and engine noise 
sources on a truck). A pink noise spectrum was used. Agreement between the two 
sets of results was poor, particularly above 400 Hz, with the outdoor measurements 
giving generally lower relative attenuation levels than the scale model tests. Both 
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devices proved most effective at the higher receivers although the multipolar device 
provided generally 2 dB greater relative attenuation than the dipolar waveguide. 
This is as would be expected since less energy is passing through the barrier. Both 
devices exhibited enhanced screening around the tuning frequency, at 100 - 125 Hz, 
where maximum interference effects were expected to occur, the relative insertion 
losses being of the order 2-4 dB. The dipolar waveguide was generally less efficient 
than the plane screen at all receiver heights in both experiments. The performance 
of the multipolar waveguide at full scale was more varied; ignoring the enhanced 
screening around the tuning frequency, relative insertion losses of between -1 -2 dB 
(laboratory) and -2 -3 dB (outdoor, full scale) were measured. 
It is observed that there were noticeable differences between the two sets of 
measuring conditions. In particular, in the outdoor measurements no attempt was 
made to take account of varying meteorological conditions (see Section 3.2.1), the 
ground was of different impedance on either side of the barrier and the characteristics 
of the source was different. To a large degree, this renders comparison between the 
data sets irrelevant. However the full scale measurements are more representative 
of conditions which would be encountered if the device were applied as a roadside 
noise barrier. To verify the potential use as purpose-built noise barriers, further 
measurements would be required under a balanced set of meteorological conditions. 
In associated work, theoretical and experimental studies have been reported 
which have looked at the effect of the angle of incidence of a source upon such 
waveguides, using either the standard waveguide of Figure 3.9b, or a column con- 
structed from multiples of the half-waveguide shown in Figure 3.9c. It has been 
established from these studies that when varying the angle of incidence perpendic- 
ular to the entrance slots of the array (Le in the vertical plane), the performance 
appears independent of the angle of incidence. However, varying the angle of inci- 
dence in the horizontal plane shows the barrier performance to be much more angle 
dependant. This has implications for the application of such designs as roadside 
noise barriers. One approach may be to divide the length of the waveguide into 
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a series of shorter isolated pegments through the introduction of vertical splitters 
(as with the Calmzone interference device in Figure 3.18 of Section 3.1.4), thereby 
preventing propagation within the waveguide along the length of the barrier. 
The most recent developments of these waveguides have been reported by Amram 
and Masson [9,79], based on the configurations shown in Figure 3.10, Le two half- 
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a) Symmetric filter b) Asymmetric filter 
Figure 3.10: Waveguide filters as tested by Amram and Masson [9,79]. Internal 
dimensions, a=0.136 m, b=0.041 m, c=0.026 m, d=0.0015 m, e=0.013 m. 
in an anechoic chamber using a 1: 3 scale model of a motorway site [9]. Although not 
specified, the dimensions of the device were chosen to provide optimum attenuation 
between 500 and 1000 Hz, so as to specifically attenuate HGV noise. The waveguide 
was mounted onto the top of a barrier (the combined height being 1.1 m) and the 
whole arrangement positioned on an embankment with flat ground on the receiver 
side. A cylindrical source was placed at 3.6 m in front of the barrier, an angle of 
incidence of 30' (with the source below the top of the barrier) being necessary to 
achieve effective screening over a wide frequency range. Measurements were taken 
at distances out to 7m behind the barrier, at angles between -180 and +270 in the 
vertical plane (0' being directly opposite the exit of the waveguide). It is not clear 
1 0.104 1 
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as to whether the 3-5 dB attenuation achieved with the device, at third octave 
frequencies in the range 250 - 1250 Hz, was relative to a barrier of the same overall 
height or simply the additional attenuation provided by the device. Full scale in-situ 
tests on the same geometry were less successful, although it was found that inclining 
the waveguide at 15 - -30* improved the performance. 
Overall, it appears that the application of such dipolar and multipolar waveg-uides 
as noise barriers is restricted, particularly since they are designed to attenuate low 
frequency noise, e. g. a typical road traffic noise spectrum (Figure 3.24) peaks at 1- 
2 kHz. Although the experiments have validated the predicted phase differences and 
dipole theory, limited work has been reported on the behaviour of such waveguides 
over a wider area behind the barrier. More detailed testing is required to establish 
their true efficiency, and whether the attenuation that they offer can be achieved 
through the use of simpler and less costly solutions. 
3.1.4 The Calmzone Interference Profile 
In 1984, Mizuno et al proposed a device for reducing highway noise [84] which 
was comprised of a series of stacked square ducts, inclined at some angle to the 
horizontal and reducing in length as the stack height increased, as shown in Figure 
3.11a. Such an arrangement is designed to induce a phase lag in sound propagating 
through the device, thereby generating destructive. interference between that and 
sound propagating directly over the top of the device. 
Two devices were tested as part of the study, one with the ducts inclined parallel 
to the base (Type 2, a=0= 500 in Figure 3.11b) and one with the ducts inclined 
at 300 to the base (Type 2', a= 800,0 = 500). Otherwise all dimensions were 
as stated in the figure, with the Type 2 device therefore comprised of a greater 
number of ducts. It is not specified by the authors whether these experiments were 
conducted as full-scale or scale model tests. In view of the small duct cross-section 
and the frequency range of interest (250 Hz - 1.6 kHz), it does not seem unreasonable 
for the experiments to be 1: 4 scale. This is perhaps justified in studies reported later 
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b) Controlling parameters. L= 540 mm, 
w=5 mm,, 8 = 50*, h= 540 mm. 
Figure 3.11: The interference device proposed by Mizuno et al [84]. 
in this chapter, where a barrier of the same overall height is introduced behind the 
device. 
The experimental arrangement was as shown in Figure 3.12a with the ground 
covered by 20 mm of glass wool to minimise any reflection of refracted sound waves. 
Equipment was developed to allow visualization of the sound field on the radiation 
side of the device. Figure 3.12b shows the sound field measured behind the Type 
2' device for a source emitting white noise over the 1/3 octave band centred on 2 
kHz. The white areas denote levels above a reference level of 79 d13, the black areas 
levels below 79 dB. The interference region generated by the device, denoted Q can 
clearly be seen. Equations were presented for the theoretical prediction of the sound 
pressure level within this zone. For a source emitting white noise over the 1/3 octave 
band centred on 1 kHz, agreement to within 1 dB was achieved between measured 
and predicted levels at a series of unspecified receivers in the interference zone. 
A second experiment was performed using the source/receiver positions of Figure 
3.12a and a white noise source. The results are summarised as test a) in Table 3.2. To 
establish the relative contribution of the interference effects, measurements were also 
performed with the duct exits sealed. At the lowest receiver position, the measured 
SPL spectra revealed the device to provide approximately 10 dB insertion loss at 
AX 
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a) Experimental arrangement b) Sound pressure distribution for inter- 
ference device 
Figure 3.12: The experimental arrangement and preliminary results as from Mizuno 
et al [841. 
each third octave frequency between 250 - 1600 Hz. Sealing the ducts degraded the 
performance by a uniform 5 dB. At the other receiver positions performance was 
observed to increase with frequency (Figure 3.13 shows the results at the mid-height 
receiver position). At these positions, sealing the ducts was observed to decrease 
the effectiveness of the device by between 6-8 dB. 
The results indicated that all three receiver positions lay in the interference zone, 
despite there being a direct line of sight between the source and the highest receiver. 
The implication of the results is that the interference effect is riot restricted to any 
given third-octave band frequency. No explanation is provided by the authors as to 
why only the duct exits were sealed when testing the device as a solid barrier. 
Further tests were conducted by Mizuno et al [85] to establish a series of design 
criteria for the device. The effects of varying three different dimensions were studied: 
duct width, maximum duct length and angle of inclination, denoted by ? V, L arid 
oz respectively in Figure 3.11b. The same experimental setup was used as in the 
previous tests (Figure 3-12a) with a source emitting white noise over a frequency 
range 250 Hz - 16 kHz. The type 2' device was used for the investigatIons into w 
and a, and the type 2 device for the tests involving changes in L. Unless under 
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Figure 3.13: Sound pressure level (dB) behind interference device, at receiver co- 
ordinates (3.0,1.40), as measured by Mizuno et al (84]. o no device; *, device; 
device blocked. 
study, the following control dimensions were applied: w=5 mm, L= 540 mrn and 
a= 80", with P= 50* in all cases. 
Duct widths of w=5,20,50 and 100 mm were studied and all ducts were 
square in cross-section. The results are summarised as tests b) in Table 3.2 and 
presented in detail in Figure 3.14. All four cases exhibited similar performances at 
1/3 octave frequencies up to 1.6 kHz inclusive. At higher frequencies the insertion 
loss is observed to decrease with increasing duct width. Overall the most effective 
configuration was that with the smallest duct width. Figure 3.14 also shows that 
the frequency at which the insertion loss begins to reduce decreases with increasing 
duct width. iquations were proposed for determining the highest frequency at which 
significant attenuation could be maintained. However the theoretical justification 
for these -equations 
is unclear, since they are based upon a duct which is closed at 
both ends. 
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Figure 3.14: Insertion Loss behind interference device at receiver coordinates (3.0, 
1.40) as measured by Mizuno et al [85] for varying duct width. o, 5 mm; *, 20 mm; 
+, 50 mm; 0,100 mm. 
Using the type 2 device (that with the ducts parallel to the base), three different 
maximum duct lengths, L, were tested. No justification is given as to how these 
lengths were selected. The height of the upper-most diffracting edge was maintained 
throughout at 960 mm (see Figure 3.11b). Consequently for duct lengths less than 
the control dimension L= 540 mm, the device was above ground level. To prevent 
propagation through this gap, it was filled with a sound absorbent material. The 
results obtained are summarised as. tests c) in Table 3.2. The three configurations 
exhibited increasing insertion loss with frequency, up to approximately 23 dB, with 
the performance of the three being similar at the higher frequencies. The longest 
duct length provided the greatest attenuation throughout the frequency range. The 
frequency above which significant attenuation could be achieved was observed to 
decrease with increasing duct length. Standard equations for open-ended pipes were 
proposed for determining this frequency. It is noted however that the angle of the 
radiation face appears to have been maintained throughout the three tests. As a 
result, any decrease in L leads to a reduction in the number of ducts which comprise 
........... . ........................... 
.... ............. ................. ........... .......... . ......... + 
C13 
............................................ ........ ... .... ..... 
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the device (since w was also fixed), thereby also reducing the degree to which the 
device is open (see Section 3.1.1). It does not therefore seem unreasonable that any 
reduction in screening in these tests is a function of both the length and number of 
ducts. No allowance for this appears to have been made by the authors. 
Since the angle of inclination affects the position of the interference device rela- 
tive to the source, the size and effectiveness of the interference zone can be expected 
to vary with a. Duct inclinations of c, = 30', 50", 60", 70" and 80" were studied 
again using the type 2' device. The results are summarised as tests a) in Table 3.3 
and shown in detail in Figure 3.15. It is seen that the noise reduction generated by 
the device increases with a, the control dimension of a= 80" providing the greatest 
attenuation throughout the frequency range. As with the tests investigating varia- 
tions in L, as the value of a increases, so the number of ducts decreases together with 
small increases in the corresponding lengths. Consequently, the results presented in 
Figure 3.15 cannot be attributed solely to variations in a. No comment is made on 
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Figure 3.15: Insertion Loss at receiver coordinates (3-0,1.40) as measured by Mizuno 
et al [85] for varying duct inclination. o, 30'; *, 50'; +, 600; 0,70*; X, 800 
Using the equations derived, together with theory from the earlier study, it was 
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concluded [85] that design of an optimum device was possible. For this to be feasible, 
the three parameters w, L and ce must be considered simultaneously, since as the 
above discussion has noted, variations in a single parameter tend to affect the other 
two. The device based around the control dimensions gave the highest insertion 
losses in all of the different cases considered. As already observed, the source and 
receiver positions chosen are unrepresentative of real positions relative to the barrier. 
A device designed using this approach may not, depending upon individual site and 
source characteristics, give the same attenuation. 
Further research is also reported by Sekiguchi et al [107] in whi6 the effect of the 
source position upon the behaviour of the device was examined. The experiments 
were performed using the arrangement illustrated in Figure 3.12a, the type 2 device 
and a source emitting white noise over a frequency range 0.25 -4 kHz. It is not 
specified whether the angle of inclination was the same as in the earlier experiments, 
i. e. P= 50* in Figure 3.11b, although this seems likely. Tests were performed 
using different separations between the source and interference device, in both the 
horizontal and vertical planes, denoted as AX and AY respectively. The reference 
dimensions (AX =0 mm, AY =0 mm) are those shown in Figure 3.12, with 
any changes being relative to these dimensions. With reference to Figure 3-11b, 
a positive value of AX corresponds to an increase in the horizontal separationf 
whilst a positive AY value denotes an increase in the vertical separation between 
the source and the uppermost edge of the device. Negative AY values were achieved 
by moving the source and receiver positions vertically upwards instead of moving 
the device. Although measurements were taken at all three receiver positions shown 
Figure 3.12a, only those for the mid-height position were presented. 
AX values of -90,0, +90, +180 and +360 mm were implemented, the results 
being summarised as tests b) in Table 3.3. It was observed that over almost all of the 
considered frequency range, the noise reduction resulting from the device decreased 
with increasing AX, and also when the separation reduced from 210 mm (AX =0 
mm) to 120 mm (AX = -90 mm ). The insertion loss for each configuration was 
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observed to increase with frequency, peaking between 13 - 20 dB at 3.15 - 
kHz. At 
each frequency below 2.5 kHz, the insertion losses for the five configurations were 
generally within 5 dB of one another. Considering the limiting cases (AX = +90 
mm and AX = -360 mm), the device performed worse in the latter case below 1 
kHz and better at higher frequencies. It is observed that when the position of the 
device is altered, the relative position of all the receivers also changes. No indication 
is given as to whether these are full scale measurements, so it is difficult to assess 
whether an improved approach would have been to maintain the relative positions 
of the receivers relative to the barrier. 
Considering variations in the vertical separation, summarised as tests c) in Table 
3.3, then for AY =0 mm and AY = +40 mm, the insertion loss was observed to 
generally increase with frequency, peaking at 22 dB for the case AY = +40 mm. 
For the cases of negative AY, the performance relative to AY =0 was increasingly 
degraded above 500 Hz, to a maximum of -12.5 dB (AY = -210 mm) and -19 dB 
(AY = -420 mm). at 4 kHz. It was also observed that as the separation between 
source and upper edge decreased, so the frequency at which the maximum insertion 
loss occurred decreased. The performance degradation was most likely due to a 
change in the position of the interference zone, with the considered receiver position 
approaching the boundary of the shadow zone. The above argument regarding 
the receiver positions also holds here. It was concluded that the best screening 
performance could be achieved by choosing AY such that the receiver positions lie 
close to the middle of the interference zone. 
The effects of using the device with a line source instead of a point source were 
also investigated [107]. The line source was generated using a series of loudspeakers 
with a separation of 200 mm between adjacent sources. The average attenuation of 
approximately 16 dB was similar for both the point and line source cases. Although 
measurements were taken at all three receiver positions, it is unclear as to which 
receiver these results apply, although it appears to be the receiver at 1.4 m height. 
It was proposed that the device could be usefully installed between a source and 
a plane screen, since the noise level at the top of the screen would be significantly 
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reduced, thereby further improving noise levels behind the barrier. Tests were car- 
ried out using the arrangement shown in Figure 3.16a, consisting of an absorbing 
barrier behind a type 2 device, with absorbing ground between the two. Although 
Glasswooý 
oum Her lNoiseS 0 , 
_;., 
'C' 




a)Arrangement for anechoic chamber tests 
,; 13arrler ( Length :8 m) 3400 
-1200n rat.... 
Avoot 






V, if 25000 - 
50000, - 
b) Arrangement for field tests 
Figure 3.16: Experimental arrangements used by Sekiguchi et al [107]. 
not specified it appears that the source emitted white noise as in the previous tests. 
Measurements were taken at a single point, 1.5 m behind the position of the absorp- 
tive screen. An increase in screening of approximately 8 dB was observed over the 
full frequency range following introduction of the device between the loudspeaker 
and barrier. When the ducts were sealed, any interference effects were eliminated, 
the attenuation being similar to that provided by the absorptive screen in the ab- 
sence of the device. Measurements taken above the top of the plane screen indicated 
the interference effect to be approximately 10 dB. A further series of measurements 
were made reducing the separation between the device and screen. Attenuation 
at low frequencies was observed to decrease with reducing separation since waves 
propagated through the device are obstructed by the barrier before they can fully 
interfere with those diffracted over the top. 
Measurements were carried out in the field to establish the performance of the 
noise control system for very distant receivers. The experimental arrangement is as 
shown in Figure 3.16b. The geometry of the device was the same as for the previous 
tests except that the device was a Type 2 model (a =P= 50') constructed from 
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concrete, with the ducts bf-ing 50mm in width. The barrier was 1.9m 
_high 
and 
constructed from 20mm thick plywood with an absorptive coating on the source 
side. Measurements were taken with the barrier only, the device and barrier, and 
the device and barrier with the ducts of the device sealed. An average improvement 
in insertion loss of approximately 12 dB over the frequency range 0.5 -4 kHz was 
observed at receiver 0 when the device was installed behind the barrier. This 
reduced to approximately 5 dB when the ducts were sealed and the system behaved 
as a double barrier. No results were presented for the receiver at 50 m from the 
source. 
Overall the interference device appears to be an effective means of reducing noise, 
although comparison with the waveguide filters and thnadner designs discussed ear- 
lier in the chapter is prevented since it is not specified at what scale the experiments 
were performed. Field tests have shown that when introduced between a source and 
an existing screen, significant improvements in screening occur, although this is due 
to a combination of the interference effects and the presence of two diffracting edges. 
However, in all of the experiments conducted using this device, measurements have 
been largely restricted to a single receiver position. Measurements taken at other 
positions have not been presented, although no explanation has been given for this. 
Further'study is required to perform a full-assessment of the capabilities of the 
device. 
Based upon the conclusions drawn from this previous work, Iida et al performed 
full scale tests [65] using a smaller, simplified version of the device/absorptive barrier 
combination shown in Figure 3.16. The two components were connected by a rigid 
horizontal baseplate and the whole arrangement mounted onto a2 rn high reflective 
barrier as shown in Figure 3.17. A truck travelling at a speed of 100 km/h was 
used as the noise source, running parallel to the barrier at distances of 3.5 and 7.0 
m. Measurements were taken at 5,10 and 20 m from the barrier, at heights of 
1.2 and 3.4 m. The maximum reduction in noise level following introduction of the 
device was found to be between 5-6 dB(A) when the source was 3.5 m from the 
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Figure 3.17: Interference device as tested by Iida et al [65]. 
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barrier, although it is unclear whether the measurements made in the absence of the 
device still featured the absorptive back panel. Similar effects were observed for the 
alternative source position. 
Subsequent development has resulted in the design marketed as Calmzone, shown 
in Figure 3.18 mounted on top of a barrier. Use of the device on Japanese high speed 
railways has been reported [35]. Full scale testing of the interference profile on Eu- 
ropean railways and full-scale laboratory tests have been reported in several studies, 
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the findings of which, together with the corresponding site layout and source/receiver 
details, are surnmarised in Tables 3.4 and 3.5. 
,-0.225 -, 
Side elevation 
Figure 3.18: Cross-section of the Calrnzone interference device. 
Further to the testing of low cantilevered trackside noise barriers [56], both the 
device of lida [65] (Figure 3.17) and Calmzone (Figure 3.18) were tested on a high- 
speed railway at Weilheim, Germany [56], using the layout denoted a) in Table 3.4. 
Although passenger trains were used to provide the source noise (measurements 
were taken for the passage of 97 trains), no precise speeds are given, and there is no 
indication as to whether the results were normalised to a single speed. Mounting the 
devices on low barriers close to the track suggests that the attenuation "at source" 
of wheel/rail noise, a dominant component of railway noise (see Chapter 6), was the, 
objective. Both devices performed effectively, reducing the noise level at the single 
receiver position by an additional 4-5 dB(A) relative to the plane screen of the 
same height. 
Additional tests using Calmzone at Weilheirn were reported by Hampl et al 
[481 for similar barriers and identical source/receiver positions (test b) in Table 3.4), 
Front elevation (from source side) 





Location Source Barrier Receiver AIL 







(M) m (' ) (M) 
Weilheim, PT >100 L 1.85 0.74 40.0 7.5 1.2 4-51 
Germany [56] 
a) P Weilheim, T >100 L 1.85 0.74 200.0 7.5 1.2 4 
Germany [56] 
b Weilheim, 
PT 90 L 1 85 0 73 - 7 5 1 2 
4 
. . . . Germany [48] FT 90 
Langenlebarn, PT 120 R 4.0 2.0 - 7.5 1.2 6 
C) Austria [481 
(Test. track) 
Kledering, FT 50 R 4.0 2.0 - 7.5 1.5 1 
d) Austria (48] 
(Goods yard)_ 
1.2 3.3 
7.5 3.5 3.1 
Langenlebarn, FT 1 5 3 0 185 0 6.0 1 -0.6 e) . . . 3 9 Austria [71] 1.2 . 
25.0 3.5 3.4 
1 1 6.0 3.8 
1.2 6.6 
Langenlebarn, 
7.5 3.5 2.3 
f) [71] A t i 
PT 1.5 3.0 185.0 6.0 0.1 
us r a 
25.0 
1 3.5 -2.4 
8.0 3.5 
Table 3A Summary of reported improvements in barrier efficiency, AIL, following 
the introduction of Calmzone (Figure 3.18) to the top of a barrier. I: Measurements 
using train sources. rkain types: PT, passenger train; FT, freight train. Barrier 
types: L, low; R: reflective. t, measurements performed using device of Iida et al 
[65] (Figure 3.17). LB is the length of the barrier. 
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0.11 IHB P 
DB 
DR 
Location Source Barrier Receiver AIL 





1.5 1.5 4.7 1.75 2.7 
'2.0 1.1 
(a) Laborator LS 1 6 R 1 0 2 0 2.25 -0.7 y . . . _ 1.3 4.7 
1.4 5.2 
2.0 1.5 3.9 1.75 2.2 
2.0 0.9 
2.25 1 -0.3 
15.0 1.5 4.7 
b 
Calcinate, LS 1 0 A 5 0 3 0 36 0 2.5 5.0 ( ) . . . . - Italy, (71] 1.5 5.3 20.0 2.5 4.2 
Table 3.5: Summary of reported improvements in barrier efficiency, AIL, following 
the introduction of Calmzone to the top of a barrier. II: Measurements using loud- 
speaker (LS) sources. Barrier types: R: reflective; A. - absorbing. LB is the length of 
the barrier. 
although the speed of the passing trains was reduced. Comparable performance with 
that of the previous study (AIL =4 dB(A)) was observed for the passenger trains, 
and distinct interference dips can be observed at 1.6 and 3.15 kHz in the measured 
SPL spectrum, as shown in Figure 3.19. However for measurements in the presence of 
freight trains, the improvement in insertion loss following the introduction Calmzone 
was reduced to 1 dB(A). The difference in levels can be attributed to the change 
in the dominant source component between the two trains. For freight trains the 
dominant component is the vibration of the wagon bodies, which is not shielded by 
such low barriers (HB = 0.74 m). 
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Figure 3.19: SPL for bypass of passenger train (speed = 90 km/h) at Weilheim, 
Germany [48]. Site geometry given in Table 3.4. o, no barrier; *, plane screen; 
plane screen with Calmzone. 
A further series of tests at different locations were reported by the same authors, 
in which the barrier height was increased to 2m and the distance from the centreline 
of the track increased to 4m [48] (tests c) and d) in Table 3.4. However, the same 
single receiver position was maintained. 
The first experiment [48] wa. ý performed at Langenlebarn, Austria (test c), Table 
3.4). Following the introduction of Calmzone to the top of the barrier, the noise level 
at the receiver recorded during the bypass of a faster passenger train (speed = 120 
km/h) was reduced by 6 dB(A). This indicated that the benefits of Calmzone were 
maintained even when the device was not in close proximity to the source. However, 
analysis of the measured third-octave SPL spectrum (Figure 3.20) shows that any 
interference effects have been largely eliminated. The significant improvement is 
most likely due to a combination of the small height increase and the presence of 
the second diffracting edge (see Section 3.2.3 and Chapter 5). Since only a single 
receiver position has been used, it is not possible'to see if this effect is repeated 
elsewhere at the site. No indication is given as to whether these results are based 
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upon a single or multiple train bypasses. 
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Figure 3.20: SPL for bypass of passenger train (speed = 120 km/h) at Langenlebarn, 
Austria [48]. Site geometry given in Table 3.4. _o, no 
barrier; *, plane screen; 
plane screen with Calmzone. 
Tests carried out for the same geometry on the exit loop from a goods yard 
at Kledering, Austria. and performed using the same site geometry [48] indicated 
less successful performance (test d), Table 3.4). The introduction of Calmzone was 
observed to provide only an additional 1 dB(A) insertion loss. However, spectral 
analysis showed low frequency noise to be dominant. Such noise, generated by the 
locomotive and body rattle/vibration from the goods wagons, is largely outside of 
the effective range of the interference device. 
Experiments were conducted with Calmzone mounted on a2m high baýrrier un- 
der laboratory conditions [48], using a loudspeaker in close proximity and a rectan- 
gular pulse signal. The results are summarised as test (a) in Table 3.5. The greatest 
improvements in insertion loss relative to the plane screen, of approximately 4-5 
dB(A), were recorded at the lower receiver positions. It is noted that the highest 
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receivers at 2.25 m are in close proximity to the limit of the shadow zone. How- 
ever at only an additional 0.5 m behind the barrier, the second column of receivers 
add little insight into the behaviour of the interference device. Nor explanation is 
presented by the authors as to why the two groups of receivers were in such close 
proximity. Similarly, comparison with the full scale tests by the same authors is 
made difficult, since no variables are held, constant between experiments. Despite 
this, it was concluded that the site geometry strongly influences the performance of 
the Calmzone device. 
Further measurements at Langenlebarn in the presence of both passenger and 
freight trains have been reported by Kohler et al [71]. The height of the barrier was 
increased to 3 m, and its proximity to the nearest track reduced to 1.5 m (relative 
to the centreline). The results are summarised as tests (e) and (f) in Table 3.4. 
The study was more detailed than that reported in [48] since an additional series 
of receiver positions were included at 25 m from the track centreline. No details of 
either the number or speed of the trains have been given. The performance of the 
Calmzone device is observed to be favourable for both train types (it is suspected 
that the negative AIL value at the (25.0,3.0) receiver position has been incorrectly 
stated). Although using different source and receiver positions it is observed that, 
in contrast to the laboratory experiments (Table 3.5), the performance of the device 
is maintained at receivers much higher than the top of the barrier. 
Tests have also been carried out on a railway line at Calcinate, Italy [71], although 
using a loudspeaker generating white noise as the source. In this experiment the 
separation between barrier and source was 5 m, greater than in any of the previously 
reported studies. Measurements at 10 and 15 m behind the barrier showed the 
interference device to contribute a significant reduction in noise level of the order of 
4-5 dB(A). Spectral analysis indicated the device to be effective above 800 Hz. It 
was observed that the improvement in screening efficiency provided by the Calmzone 
profile is the result of several superimposed mechanisms, namely the increase in 
barrier height, the presence of two diffracting edges and interference. However no 
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investigation into the magnitude of these contributions was reported. 
Overall the different studies have proven the Calmzone interference device to 
be an effective addition to the top of an existing barrier. The use of a rigid back- 
panel rather than the absorptive one of Iida [65] does not appear to have had any 
detrimental effect upon the performance. The effect of varying the position of the 
device relative to the source or receivers is difficult to assess based on these reported 
experiments since no three of the four relevant parameters (DB, HB, DR and HR 
from Tables 3.4 and 3.5) were consistent between the different studies. With the 
exception of [56], no information has been given as to how many train bypasses 
have been used to derive the different results, or whether variations in speed or 
atmospheric conditions have been taken into account. Only in the experiments of 
[71] were sufficient receiver positions considered to allow an improved measure of 
the wider performance of the device to be determined. Generally though, it would 
seem that the device is effective over a reasonable area behind the barrier, although 
the de gree of screening appears dependant upon the type of source used, or more 
specifically the spectral content. 
The experimental and theoretical work reported in the remainder of this chapter 
has been carried out to assess the performance of the Calmzone device over a wider 
area, and to attempt to quantify the contributions from the different mechanisms 
described above. 
3.2 Full scale and computational studies of Calm- 
zone 
3.2.1 Full-scale Measurement and Analysis Procedures 
Full scale testing of the Calmone device has been carried out by the author using 
the Noise Barrier Test Facility at the Transport Research Laboratory, Crowthorne, 
Berkshire, UK. The facility is situated on a flat grassland site, free of any reflecting 
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surfaces which may affect recorded noise levels. At one end of the site a level section 
of asphalt, approximately 40 m in length and 35 m at the widest point, has been 
laid to represent a typical road surface (Figure 3.21). 
7.5 I 
ý-o Loudspeaker Position e Receiver Position Noise Barrier Panel 
Figure 3.21: Plan of the TRL Noise Barrier Test Facility (NBTF). Dimensions in 
metres. 
A 20m long noise barrier has been constructed adjacent to one edge of the as- 
phalt. This consists of nine 2 in high I-section posts, into which can be slotted a 
variety of 0.5 in deep panels. The bottom half-metre of the barrier is formed by 
a permanent concrete panel with plane reflecting surfaces. If required, the posts 
can be extended to allow a total barrier height of 3 m. Figure 3.22 shows the test 
facility with a 2.0 m high T-profile noise barrier erected. At the opposite end of the 
asphalt, similar I-section posts are positioned to allow for the erection of a 7.5 in 
long noise barrier. This is only used during studies of parallel barrier configurations 
(tests upon these configurations are detailed in Chapter 4). The separation between 
the barriers is 34.3 m, characteristic of a standard motorway having three lanes and 
a hard shoulder on each carriageway. 
A static dual-cone loudspeaker, rated at 800 W, is used as the noise source 
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Figure 3.22: The TRL Noise Barrier Test Facility (NBTF) showing a T-profile noise 
barrier under test. 
* **. 
k. 
Figure 3.23: Loudspeaker noise source as used on the TRL barrier facility. 
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(Figure 3.23). This is capable of delivering noise levels above 110 dB at 1m from 
the speaker, for a frequency range 0.1-3.2 kHz. Such high levels ensure that any 
contribution from background noise is insignificant compared to that emitted by the 
loudspeaker, even at the furthest receiver positions. Generating random noise at 
approximately 110 dB in each third-octave band at 1 rn from the speaker produces 
levels approximately 15 dB above the background level. This cannot be performed 
simultaneously for all octave bands, so the sound is broadcast separately in four 
frequency bands: 0.1-0.2 kHz, 0.25-0.5 kHz, 0.63-1.25 kHz and 1.6-3.2 kHz. A 
reference microphone is positioned at 1m from the speaker face to allow output 
levels to be monitored and adjusted if necessary. Random noise in each of the four 
frequency bands is played through the loudspeaker over 20 second periods. The 
speaker is mounted on a portable trolley to allow its position relative to either 
barrier to be varied. 
The noise broadcast via the loudspeaker is sampled over a 16 second period 
simultaneously at three microphone positions, 20,40 and 80 m behind the main 
barrier. Measurements are taken at these positions for two microphone heights, 
1.5 and 4.5 m, each height requiring a separate run. For single barrier tests, the 
loudspeaker is positioned at distances of 5.5 and 7.8 m from the barrier (for single 
barrier tests), its axis being 0.5 m above the asphalt. Consequently, the combination 
of sQurce and receiver positions results in twelve different measured levels. The 
chosen distances correspond to the effective positions of the traffic source, with 
respect to noise barriers sited at the carriageway edge, on dual carriageway roads 
and motorways respectively and are as assumed within the standard traffic noise 
prediction method used in the UK [32]. The axis of the speaker is set as horizontal 
and aligned with the three microphone positions. 
In situations involving real traffic streams, the noise at an arbitrary receiver 
position behind a barrier is a result of the contribution of many sources moving 
along a road. As such the traffic stream can be regarded as an incoherent line 
source. In general, insertion loss values for an incoherent line source are lower than 
those for a point source at normal incidence, as observed in Chapter 2 (see also, for 
example, calculations in [66,37]). Consequently insertion losses for an incoherent 
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line source cannot be used directly. However, scale model tests [72] indi. cate that 
the relative screening performances of different barrier configurations are similar for 
the cases of an incoherent line source and a point source at normal incidence. 
A computer based sound level meter allows measurements to be made simul- 
taneously at all four microphone positions. The levels measured in each one-third 
octave band are then stored for further analysis. During the measurement periods 
the wind speed and direction are recorded at 1 second intervals close to the middle 
of the test site. Temperature, relative humidity and barometric pressure levels are 
also recorded. For each individual barrier option studied the procedure is for mea- 
surements to be taken under a range of wind conditions, thereby allowing sufficient 
data to be recorded to predict a reasonably accurate estimate of the sound pressure 
levels corresponding to zero wind speed. Control measurements taken in the absence 
of the barrier allow the screening performance of the barrier (insertion loss) to be 
calculated. 
The analysis procedure is as follows: The recorded sound pressure levels in each 
octave band are normalised for a source level of 110 dB at the reference microphone 
and 
- 
then weighted using the normalised, A-weighted road traffic noise spectrum 
based upon measurements taken in various European countries and reviewed within 
the noise barrier standards committee CEN TC 22/WG6/TG1. This spectrum is 
presented in Figure 3.24. The one-third octave band levels are then combined to 
produce an overall SPL. 
For each of the overall adjusted levels, the average wind speed component normal 
to the barrier, from source to receiver, is calculated using the recorded wind data. 
Since measurements were performed under different conditions, the levels can be 
regresSed against the wind speed component to obtain the levels for zero wind speed, 
as shown in Figure 3.25. To avoid excessive wind noise affecting levels behind the 
barrier, measurements were only taken for wind speeds of less than 4 m/s. 
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Figure 3.24: Normalised A-weighted one-third octave band spectrum used as the 
traffic noise source (normalised to zero dB). 
3.2.2 Configuration of The Interference Device 
The Calmzone interference device, as illustrated in Figure 3.18 was mounted upon a 
reflective barrier 2 rn high and 20 m in length. Figure 3.26a) shows the device when 
viewed from the source side of the barrier, with the duct entrances clearly visible. 
Figure 3.26b) shows the view from the receiver side of the barrier. An additional 
series of tests were carried out whereby the entrances to the ducts of the deviýe were 
sealed off using 12 mm plywood panels. The resultant measured levels could then 
be compared with those for the basic device to establish the degree of screening 
resulting from destructive interference. To obtain the insertion loss contribution of 
the basic device, insertion losses obtained from previous tests on reflective screens 
of 2.0 and 2.5 m in height have been interpolated by linear interpolation to obtain 
an estimate for a barrier having the same overall height (2.225 m). 
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Figure 3.25: A-weighted SPL plotted against average normal component of wind 
vector. Source position at 5.5 m in front of the barrier, microphone at 40 m behind 
the barrier at a height of 1.5 m. 
3.2.3 Theoretical predictions 
Theoretical simulations have also been carried out using the boundary element 
method described in Chapter 2, Section 2.1, for the same source, receiver and bar- 
rier configurations as in the full scale experiments. Although the practical results 
have been obtained for a point source, the boundary element predictions are for a 
coherent line source. As discussed in Chapter 2, scale model experiments [72,57] 
have shown that excess attenuation and insertion loss predictions for a single barrier 
and a coherent line source agree well with those for a barrier and point source at 
normal incidence. However, variations in the predicted SPL values will occur as the 
measurement position moves away from the barrier. 
Using the Delany and Bazley model [311 to describe the various surface impedances, 
the following values of flow resistivity have been assigned within the model; 1E20 
Nsm -4 for the barrier and asphalt surfaces, thereby defining a highly reflective sur- 
face, and 250,000 NSM-4 for the grassland on the far-side of the barrier, which is 
within the range proposed in [39]. 
a) View from the source side of the barrier 
b) -View from the receiver side of the barrier 
Figure 3.26: The Calmzone Device mounted on a2 in high reflective barrier at the 
TRL barrier facility. 
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The two-dimensional nature of the method means that the ducts of the inter- 
ference profile could not actually be modelled along the length of the barrier. The 
actual device consists of a series of stacked ducts 225 mm wide (Figure 3.18), whilst 
in the model the equivalent three-dimensional device has ducts of infinite width. 
However because of the small wall thickness (4 mm), it is not considered that this 
would be a source of significant discrepancy between the theoretical predictions and 
the measurements. 
Average wind- Reduction in Boundary 
normalised average noise element method 
Barrier Option A-weighted level compared (BEM) predic- 
SPL (number with 2m*/ tions of average 
of'repeat 2.225m high, reduction, 
measurements barrier dB(A) dB(A) 
Simple reflective 
a) 2m high (reference) 64.8 J: 0.1 t - - 
b) 2.5m high 63.1 ± 0.1 1.7 1.9 
Multiple Edge 
c) im widet reflective 62.4 ± 0.1 2.4 1.4 
(0.5 m deep panels) 
d) im widet absorptive 62.3 ± 0.1 2.5 2.1 
(0.5 m deep panels) 
e) im widel absorptive 62.1 ± 0.1 2.6 2.6 
(1 m deep panels) 
Interference Device 
f) Original Condition 62.1 ± 0.1 1.9 1.5 
g) With ducts blocked 62.8 ± 0.1 1.2 1.0 
* For the interference device comparisons were made with a simple barrier of identical 
height (2.225m) 
tStandard error of mean of measurements 
t Symmetrically arranged panels, one on either side of the barrier, separation be- 
tween each panel and the barrier being 0.5m 
Table 3.6: Average noise levels behind barriers and reductions in average noise levels 
behind the barrier. 
The performance of the different barrier configurations and devices tested are 
presented in Table 3.6. The A-weighted sound pressure levels equate to zero wind 
speed and are based upon the arithmetic average of the levels at the six measure- 
ment positions for both source Positions (i. e. the average of twelve values). The 
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corresponding relative insertion losses are presented for each arrangement; _these 
be- 
ing the differences between the average sound pressure level and that for the simple 
reflective barrier of identical height. In the case of the interference devices, the ref- 
erence height is taken as 2.25 m, which is the overall height of a2 rn barrier fitted 
with the device. Previous tests carried out on the test facility in the absence of any 
barriers have shown that the average insertion loss over the six considered receiver 
positions for the 2 rn high simple reflective barrier is 10.3 dB(A). The measurements 
show that the introduction of the interference device improves average screening 
by 1.9 dB(A). When the ducts of the device are blocked, this is reduced to 1.2 
dB(A). The relative insertion losses obtained using the boundary element method 
are also included in the table and show less predicted improvement using the device, 
although the relative effect of blocking the ducts is similar. 
Results are also included for three different multiple-edge configurations mounted 
on a2 rn high barrier as studied in a previous series of experiments [118]. In these 
cases, two additional panels either 0.5 m or 1.0 m deep are arranged parallel to the 
main barrier such that there is no increase in height, as illustrated in Figure 3.27. 
The panels are arranged symmetrically on either side of the barrier, the separation 
between the barrier and panel being 0.5m. This type of barrier is discussed in 
more detail in Chapter 5. Since there is no increase in height, the results for these 
barriers in the table are presented relative to a2m high plane barrier. These results 
show a larger improvement in average relative insertion loss than is observed for the 
interference device. 
Figure 3.28 compares the SPL's measured in the presence of the device at the 
individual receivers, both with and without the ducts blocked, with the correspond- 
ing levels for the plane screen of equivalent height. For both source positions, the 
levels recorded at the 4.5 in receivers are higher than those at the corresponding 1.5 
m height receivers. In addition, the decay rates for the high receivers are approxi- 
mately 6 dB/doubling of distance with the changes in path difference between the 
direct and diffracted wave being relatively small. Considering the lowest receivers, 
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Support Beam 




Figure 3.27: Cross-Section through symmetrical multiple edge profile, including 
intermediate support beam 
although the decay rate between the 40 and 80 m receivers is similar to that for the 
high positions, the rate from 20 - 40 m is noticeably less, particularly for the more 
distant source. In this instance, the change in path length is more pronounced, but 
the decay rate due to geometrical spreading is offset by the 40 m receiver being less 
deeply in the shadow zone. 
At all positions, the introduction of the interference device is observed to reduce 
the average noise levels behind the barrier. For the near source position the im- 
provement is generally constant, except for deep in the shadow zone, being between 
2.1 - 2.8 dB(A). However the levels are less stable for the more distant source. With 
the ducts blocked there was generally a small increase in the noise level, although 
the resultant levels were still lower than the corresponding levels measured behind 
the simple barrier of equivalent height. 
Figure 3.29 plots the insertion loss spectra obtained from the boundary element 
predictions for the device, both with and without the ducts blocked, and the equiva- 
lent height plane screen for the source position at 5.5 m and the receiver position at 
40 rn behind the barrier, height 1.5 m. The device appears effective at frequencies 
of 500 Hz and above although, with the exception of 1 kHz, the results are relatively 
small up to 1.6 kHz. Blocking the ducts reduces the efficiency of the device above 
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a) Source position: 5.5m 
U, 
1 ri Reuiver Position 20,1.5 140,1.5 1 80,1.5 1 20,4.5 1 40,4.5 180,4.5 A: 2.225m barrier 67.02 63.66 56.61 70.00 63.80 59.02 
B: Device 65.25 61.08 54.32 67.92 61.37 56.22 
C: Device (blocked) 65.82 61.82 54.41 69.20 62.60 57.73 










Receiver P sition 2C, ID, .51 80,1.5 2111), 4.5 40,4.5 
80,4.5 
A: 2.225m barrier 66.88 64.78 57.77 72.74 65.98 59.55 
B: Device 66.43 62-53 55.61 71.22 65.07 58.61 
C: Device (blocked) 66.67 63.29 55.26 71.96 65.47 59.52 
1111 
Figure 3.28: Sound Pressure Levels, dB(A), obtained from full-scale measurements 
using the Calrnzone device. 
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Figure 3.29: Predicted insertion loss spectra at a height of 1.5 m and a distance of 
40 m behind the barrier, source at 5.5 m from the barrier; o, 2.225 m high barrier; 
*, Device, + Device (blocked). 
The experimental results indicate that the device produced a significant im- 
provement in the average screening relative to the equivalent height plane barrier. 
However the results shown in Table 3.6 indicate that on average, multiple-edge con- 
figurations are more effective at improving performance. It is noted though that 
the multiple-edge designs considered here are symmetric. In many site conditions 
where the barrier is in close proximity to the carriageway, safety reasons prohibit 
the introduction of outstanding elements on the source side (e. g. [1211). Theoretical 
predictions by Crombie et al [26] have indicated that the benefits of multiple-edge 
designs are reduced when the additional diffracting edges are mounted asymmet- 
rically on the far side of the barrier. In such cases the interference device would 
provide a more comparable level of screening. 
Following the blocking of the ducts, the device still offers significant reduction in 
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noise levels behind the barrier. It can be see from the results that the ducýS provide 
approximately one third of the total reduction in noise level. The boundary element 
results show a similar effect, although the reduction is proportionately smaller. Since 
any interference effects will have been prevented, the remaining attenuation can be 
attributed to the presence of two diffracting edges. The efficiency of the device does 
not appear to be dependant on the position of the receiver, although the relatively 
small change in source position does appear to deteriorate performance by a varying 
degree. 
Study of the results in terms of frequency indicate that the greatest improvements 
occur at frequencies above 500 Hz. Gains at the higher frequencies can be attributed 
in part to the effects of the twin diffracting edges formed by the stacked ducts and 
the back panel of the device. Previous results from similar full scale tests on different 
multiple-edge profiles (118] indicate that these effects do not occur below 400 Hz. 
Blocking the ducts decreases the performance of the device at frequencies above 
800 Hz. Earlier tests [84,85,107] suggest that this is due to the elimination of inter- 
ference effects generated as a result of phase lags induced upon sound propagating 
through the ducts. The results in Figure 3.29 suggest that the most significant 
interference effects occur around 1 kHz and 3.15 kHz. The ducts behave as band- 
pass filters allowing sound of certain frequencies to pass through, in addition to 
inducing the phase changes as a result of the difference in path length between the 
ducted sound and that propagated directly over the top of the device. These effects 
are controlled by the dimensions of the ducts. On the interference profile tested, 
the ducts are believed to be tuned to specific frequencies, although precisely how 
these frequencies are determined is unknown, particularly in view of the shape of 
the ducts. Approximate path differences, 5 can be calculated which suggest that 
for the longest duct a phase difference of 7r radians can be achieved at frequencies 
of 200,600 and 1000 Hz where J -ý A/2,3A/2 and 5A/2 respectively (A being the 
wavelength). In Figure 3.29, a noticeable difference is observed at 1 kHz, although 
not at the lower frequencies. The boundary element method could be easily applied 
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to model variations in duct. geometry and overall duct dimensions with the aim. of 
further enhancing performance. However since a suitable relationship is not avail- 
able for relating interference dips to specific duct lengths, such modifications could 
not be efficiently determined. 
The results of tests using the prototype device with a moving truck as the source 
[65] and tests using the production variant with a railway train source [48], all 
with a2m high barrier, have indicated maximum improvements in screening of 6 
dB. This is significantly higher than observed at any individual receiver position in 
the current tests. Although here the comparisons have been made with a barrier 
of equivalent height, the additional 225 mm is unlikely to account for more than I 
dB of the screening reduction. The presence of absorptive treatment on the back 
panel in [65] will also only have limited effect (absorptive material placed on or 
near a diffracting edge has been found to provide only a small improvement in 
screening [118]). The most likely possibility is due to the variation in the source and 
receiver positions. Indeed, the variation between results for the 5.5 and 7.8 m source 
positions measured by the author provides some evidence of this. It is possible that 
the zone of significant interference is limited in extent and critically dependant on 
the position of the source. This would agree with observations made during the 
development of the device [107]. A further consideration is variations in the source 
spectra between road and rail traffic, at factor whose importance is dependant as to 
which frequencies individual ducts of the Calmzone profile are tuned to. Figure 3.24 
shows a typical A-weighted road traffic noise spectrum to peak at approximately 1 
kHz. Figure 6.1 in Chapter 6 compares several different railway noise spectra, which 
can be seen to peak at frequencies between 800 - 2500 Hz. 
The modest performance over a wide area exhibited in the present tests is due 
principally to the presence of the twin diffracting edges rather than to interference 
effects. Further work would be required to establish the extent of the area over 
which the production device is most effective. 
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3.3 Conclusions 
The full scale measurements have shown that the Calmzone sound interference device 
increases the average screening performance by 1.9 dB when compared with a simple 
barrier of identical height. However, the improvement was not as great as that 
observed following the introduction of multiple-edged barrier profiles; previous work 
at TRL has shown such profiles improve the average screening by 2.5 dB under 
similar test conditions. The device produced consistent improvement in screening 
over a wide area, although some variation was observed depending upon the source 
position. 
It is considered that the primary reason for the noise reduction is the presence 
of the back panel which behaves as a second diffracting edge. The results obtained 
here suggest that approximately one third of the reduction produced is attributable 
to the interference effect produced by the phase delay introduced by the stacked 
vent system. 
Earlier tests upon both the prototype and production device indicated greater 
improvements in screening than observed here. It is thought that this is due to the 
more limited range of receiver positions and the smaller source/barrier separation 
used in those tests, and the relationship between the tuning frequencies of the device 
and the spectrum of the source. The experiments carried out by Iida et al [65] 
suggest that the position and range of the interference zone is strongly affected by 
the position of the source relative to the device. Further testing would be required 
to define the range of geometries which would lead to optimum performance. 
The experimental results indicate that the boundary element method is useful 
for the study of complex barrier geometries. It is considered that the method could 
be used to further develop the device by optimizing dimensions to promote a greater 
degree of interference between sound paths. 
Chapter 4 
Parallel Barrier Arrangements 
It is not uncommon under appropriate circumstances that, as part of a traffic-noise 
abatement scheme, vertical barriers are installed on both sides of a carriageway. 
Since sound is reflected between the two barriers, the resultant insertion loss is 
less than that which would be achieved through the construction of a single plane 
screen. In principal there are two main propagation paths - that passing directly 
from the source to be diffracted over the front barrier and that reflected in the 
rear barrier prior to diffraction over the front. It is a reduction in this reflected 
contribution which is necessary to improve screening performance. This can be 
achieved by incorporating absorbent treatment onto the traffic-facing sides of the 
barrier or by sloping these surfaces by a small angle. Both methods appear efficient 
in simple numerical and experimental model investigations [111,109,83], although 
in practice the former is preferable since the latter involves only a redirection of 
sound energy and unexpected effects are possible under actual site and atmospheric 
conditions. 
It is desirable to be able to predict these effects. A review of previous work is 
presented. The remainder of this chapter is concerned with the application of the 
2-D boundary element method, as presented in Chapter 2, to such problems. A 
modified procedure is presented to improve the accuracy of the numerical predic- 
tions. A method for converting the model results to their point source equivalents 
is described and comparisons made with full-scale measurements performed using a 
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variety of barrier configurations on the TRL Noise Barrier Test Facility (as described 
in Chapter 3). The use of multiple barriers on one side of the carriageway is not 
considered in this study. 
4.1 A Review of Previous Work 
The effects of noise reflected between parallel barrier arrangements on opposite sides 
of the carriageway have been previously reported in a number of studies. Tobutt 
and Nelson [111] used a computer model, validated against experimental data, to 
perform simulations of parallel barriers with and without absorptive treatment. The 
barriers were 3m high and 45 m apart. It was observed that the introduction of 
absorptive treatment improved the screening efficiency by 1.5 -3 dB(A) at distances 
between 20 and 70 m behind the barriers and up to a height of 4.5 m above ground. 
Results obtained by Slutsky and Bertoni [109], using a model designed to predict 
the effects of absorptive treatment and tilted surfaces upon parallel barrier arrange- 
ments, also demonstrated the benefits of such enhancements. For the case of 4.5 
m high barriers with a separation of 45 in, the introduction of absorptive material 
reduced the predicted noise at a receiver 45 in behind the barrier by as much as 
4 dB depending on the height of the source (however, the height of this receiver 
position was not specified). This compares favourably with the results of Tobutt 
and Nelson for a similar geometry. When the width of the roadway and correspond- 
ing barrier separation was reduced to 18 m [109), the average noise reduction at 
the same receiver position resulting from using absorptive material increased to a 
maximum of approximately 6 dB. The same study found that applying an outward 
tilt to the barriers, i. e. inclining them away from the source, can be beneficial. For 
barriers with a separation of 45 in, an outward tilt of V was sufficient to restore the 
screening performance to that of a single barrier for source heights up to 2.5 m. For 
a reduced separation of 18 in, the required angle of tilt increased to 20". However, it 
is unclear whether the outward tilt was applied to both or a single barrier. Hother- 
sall and Crombie [59] conducted boundary element simulations of outwards-inclined 
parallel barriers. Their results provided further evidence that as the angle of tilt is 
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increased, so the degradation in insertion loss over that of a single vertical scrqen 
is reduced. It was also observed that dividing the sloping surface into a series of 
vertically stacked sloping sections reduced screening efficiency. 
Field trials on 3m high parallel barriers with a separation of 74 m [46] showed 
no significant reduction in performance as a result of the farside barrier. This 
was partly explained by the large separation, which does not seem unreasonable 
considering the reduction in performance between absorptive and reflective barriers 
noted by Slutsky and Bertoni as the separation is increased. However, a study on 
the M6 motorway in the UK by Nelson et al [93] also failed to show a degradation in 
performance following the introduction of 3m high reflective barriers on the farside 
of the carriageway, the separation between the two barriers being approximately 
33 m. Possible contributors to the contrary results include meteorological effects 
and the scattering of reflected noise from vehicle bodies, although the latter is only 
likely to occur in the presence of high traffic volumes. Watts [119,120] reported 
results of an in-depth full-scale study of parallel barrier arrangements, based upon 
configurations suggested to be effective by previously reported work. These results 
are presented in more detail in Section 4.3. 
4.2 Theoretical Study of Parallel Barrier Behaviour 
Using The Boundary Element method 
4.2.1 Results Using Line Sources 
The simulations detailed in this section have been performed using the unmodified 
boundary element method of Section 2.1 and the basic geometry illustrated in Fig- 
ure 4.1: two barriers, both of height 2m are separated by 34.3 m, this distance 
being equivalent to the width of a six-lane motorway with a hard shoulder on each 
carriageway. Receiver positions have been set at 20,40 and 80 m from the outside 
face of one of the barriers and at heights of 1.5 and 4.5 m. These positions corre- 
spond with those used in full scale tests on the Noise Barrier Test Facility at TRL 
(see Section 3.2). 










20. Om 20. Om 40. Om 
Figure 4.1: Layout of typical parallel barrier arrangement. 
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The situation being modelled (for all barrier arrangements considered in this 
section) is the simplest case -2 source positions (each considered in a separate 
simulation), each at a height of 0.5 m above the carriageway and at a distance Pf 
7.8 m from the inside face of one of the barriers (again corresponding to the NBTF 
full-scale tests). Obviously, the accuracy of the results in relation to practical road 
conditions varies greatly depending on the number and placement of sources. A 
minimum of two source positions are usually necessary for modelling almost any road 
(although this is not applicable in the standard UK prediction method, Calculation 
of Road Traffic Noise (CRTN), [32] where all sources are condensed into a single 
traffic stream). This number will also increase if it is desired to model different types 
of traffic, since the height of the source above ground level will vary depending on 
the vehicle being modelled. The sound pressure levels for each receiver position are 
then logarithmically combined in the standard way to produce a single SPL value 
at each receiver showing the effect of both sources simultaneously. 
The predicted degradation in insertion loss due to the addition of the second . 
barrier at the considered receiver positions using the boundary element method is 
shown in Table 4.1. 
These can be compared with results obtained from the CROSECT method [111] 
and those using the standard UK traffic noise prediction method, CRTN [32]. The 
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20.0 1.5 6.72 3.93 1.72 3.61 
40.0 1.5 6.68 5.02 1.81 3.70 
80.0 1.5 5.77 5.95 1.95 4.07 
20.0 4.5 7.22 3.69 2.32 5.26 
40.0 4.5 9.33 6.48 2.49 6.02 
80.0 4.5 8.23 7.03 2.77 5.56 
Table 4.1: Comparison of insertion loss degradation (dB (A)) obtained using different 
methods of calculation. 
CRTN method has been developed from measured data and its predicted insertion 
loss degradation values are significantly different to those of the boundary element 
method. In both the CRTN and CROSECT predictions, all traffic streams are 
condensed to a single line source. As a result, for the geometry considered in these 
simulations all receivers lie within the shadow zone. However, in the case of the 
boundary element method where 2 source positions are used, the highest receivers 
at 20 and 40 m from the barrier lie within the illuminated zone generated by the 
source furthest away. The results from the CROSECT model are systematically and 
significantly greater than those obtained using the CRTN 'method and the results 
from the boundary element method greater than those from CROSECT for the most 
part. The CRTN results lie within a range of approximately 1 dB(A), whilst the 
results from the other models are within a range of between 3-3.5 dB(A). 
4.2.2 A Modified Procedure For Simulating Parallel Barrier 
Arrangements 
The boundary element method provides an accurate determination of the wave field 
for the particular problem posed. However, there are three significant differences 
between this and the practical situation: - 
i. the method assumes that the ground is perfectly flat and that the barriers are 
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exactly vertical. This Jatter assumption can lead to an over-estimation of the 
number of multiple reflections between rigid barriers, 
ii. the method assumes that all propagation in the region between the barriers is 
unimpeded. In a roadway situation, this is clearly not true, since propagation 
will be impeded by the sides of vehicles. The effects of reflections between barri- 
ers and vehicles, particularly high-sided vehicles, has been discussed elsewhere, 
e. g. [27,60,61] 
iii. the method is two-dimensional so that the three-dimensional situation which 
is modelled is of a coherent line source in an infinite roadway' of constant cross- 
section. In practice, vehicles approximate to point sources so that rays suffer- 
ing multiple reflections from the barriers attenuate at a rate of 6 dB/doubling 
of distance, whereas in the model, the attenuation rate is 3 dB/doubling of 
distance. 
Various options are available to overcome these differences (see Section 4.1) al- 
though some are more effective than others. In the case of i), a small change in the 
vertical angle of the barriers (Table 4.2) or a more accurate reproduction of their 
profile will have some effect, as will changing the profile of the ground surface. How- 
ever, the latter is less preferable due to a considerable increase in the computational 
expense of the solution (see Section 2.1). 
To simulate propagation impeded by the sides of vehicles, it is necessary to in- 
clude an appropriately shaped cross-section of the vehicle into the boundary element 
geometry. However, maintaining the (7.8,0.5) source position used within CRTN 
and on the TRL barrier facility renders accurate placement of the "vehicle body" 
difficult. If the source is placed too close this can result in an over-prediction of the 
sound pressure on boundary elements in the immediate'vicinity. Consequently a 
"box-shield", as illustrated in Figure 4.2 has been incorporated into the input data 
as an alternative. 
Being two-dimensional, the shield is formed from three faces, each having an 
absorbent lining. The horizontal faces have the same treatment (a statistical ab- 
sorption coefficient, a, of 0.4) and the face at the rear of the shield an a value of 
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Figure 4.2: Cross-section detailing "box-shield". 
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0.9. The source is positioned midway between the horizontal faces and vertically 
aligned with the front of the shield. The placement of the source at this position 
is important and results in two effects - the first is to "halve" the angle of propa- 
gation, i. e. waves from the source radiating into the shield are effectively cut out 
(Figure 4.2). To simulate sound propagation from the other side of the vehicle, it, 
is necessary to undertake an additional simulation with the shield rotated through 
180'. The second effect is to absorb reflections from the barrier with a low angle 
of incidence. The angle 0 through which these reflections are affected will depend 
on the separation, y, of the horizontal faces of the shield arid the distance, x, be- 
tween the shield and the barrier (Figure 4.2). The dimensions chosen for the shield 
correspond to those of the loudspeaker cabinet used on the NBTF (Figure 3.23), 
i. e, height y=0.57 in, depth = 0.445 in. The height of the shield above ground 
(0.215 in) also matches the experimental conditions. Results generated using this 
approach together with the basic geometry of Figure 4.1 are included in Table 4.1. 
Using the two source positions involved the addition of results froni four separate 
simulations. A reduction of the order of 3 dB(A) in the insertion loss degradation 
in comparison with the basic boundary element method results is observed. In both 
cases, the source strength is identical. The changes in results are attributable to the 
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absorption of the sound reflpcted from the barrier by the box shield. 











20.0 1.5 4.14 3.14 2.37 3.75 3.70 
40.0 1.5 3.42 3.62 1.90 2.38 2.94 
80.0 1.5 2.07 2.09 0.91 1.54 1.95 
20.0 4.5 1.88 0.98 1.57 2.64 
_4-5 
4.26 3.25 -2.97 4.76 4.46 
_4.5 
4.34 3.03 1.89 4.12 3.67 
Table 4.2: Comparison of the improvement in insertion loss achievable through the 
incorporation of the box shield and/or tilted barrier surfaces in the basic parallel 
barrier geometry of Figure 4.1 
Table 4.2 compares the improvements in calculated insertion losses (from the 
boundary element method) which can be achieved through the incorporation of the 
shield and/or barrier tilting in the basic geometry of Figure 4.1. It is possible to 
relate the data in Table 4.2 to the boundary element results using the shield in 
Table 4.1. Incorporating both the tilting of the barriers and the box shield within 
the boundary element method will decrease the insertion loss degradation to bring 
the predicted values closer to those obtained using the CRTN method. It is expected 
that the CRTN results would give a better indication of the practical situation since 
the method is derived from site measurements. 
To investigate the third difference, it is interesting to modify the results pro- 
duced by the method such that they are equivalent to those for a point source. In 
undertaking this conversion, it is necessary to make a series of assumptions: - 
i. that the line from the point source to the receiver is perpendicular to the 
barriers, 
ii. that each barrier has a definable highest point which is visible from the source 
position. The highest point of the front barrier should be visible from the 
receiver position and that of the rear barrier should be visible from the top of 
the front barrier, 
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iii. that the barriers are infinitely long, 
iv. the pressure component at a particular receiver for a specific ray path (in the 
line source case) is multiplied by the inverse of to convert to a point source, 
where R is the length of that ray path from source to receiver, 
v. that there are only two significant contributory ray paths 
R, - the diffracted path from the source to the top of the front barrier to the 
receiver, 
R2 -the diffracted path from the source to the rear barrier. to the top of the 
front barrier to the receiver 
as shown in Figures 4.3 and 4.4, and that these ray paths are assumed to be 





Image Source I Source Receiver 
Figure 4.3: Possible raypaths, including those where front barrier is not visible from 
image source 
The conversion is applied to the final A-weighted results, the method being as 
follows: 
The total sound pressure level at the receiver due to both paths in the line source 
case is 
SPL = 10 log 
(10(SPL1110) 
+ lo(SPL2110) )1 
where SPL, is the pressure due to R, and SPL2 is the pressure due to R2. Rear- 
ranging and inverting gives 
SPL2 - SPL, = 10 log 
(lo(SPL-SPLI)110 
_ 1) . 
(4.2) 




Figure 4.4: Possible ray paths, including those where front barrier is visible from 
image source 
Define the insertion loss degradation in the line source case, DEGL, as the difference 
between the insertion loss for the front barrier (SPLD - SPLI) and the insertion 
loss for both barriers (SPLD - SPL); 
DEGL = SPLD - SPL, - (SPLD - SPL) 
= SPL - SPLj, 
where SPLDis the direct sound pressure level. 
(4.3) 
Then the difference between the SPL's of the two ray path contributions (for the 
line source case), DSPLL, is (from (4.2) and (4.3)) 
DSPLL = SPL2- SPLI 
= lolog 
(10DECL110 
_ 1) (4.4) 
Now calculate the path lengths for the two ray paths, R, and R2, as illustrated in 
Figures 4.3 and 4.4 and specified as follows: 
R, - either the direct path from source to receiver (if the latter is visible from the 
source) or the path via the top of the front barrier 
R2 -If the top of the front barrier is not visible from the image then either the path 
i. from the image of the source in the rear barrier direct to the receiver, if 
the image is visible, or 
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ii. from the image of the source to the top of the front barrier to the receiyer. 
Otherwise either the path 
iii. from the image of the source to the top of the rear barrier to the receiver, 
or 
iv. from the image of the source to the receiver with diffraction at the top of 
each barrier 
Now for a line source, 
Intensity oc 
1 
and pressure oc 
1 
R 7R- 
whilst for a point source, 
Intensity oc W2- and pressure oc R 
Therefore, to convert a SPL from a line source to the point source equivalent, the 
following formula should be used: 
SPLp,, i,, t = SPLli,,, + 10 log NO + C' (4.5) 
A 
where R denotes either R, or R2, R,, f is a reference distance of 1.0 m, and C is 
a constant depending only on the strengths of the point and line sources. So to 
convert DSPLL to its point source equivalent, DSPLP, we use the formula 
DSPLP = SPL2 + 10 109 
(Le-f )- 
SPL, - 10 log R2 R, 
= SPL2 - SPL, - 10 log 
(R2) 
Ri 
= 10 log 
[RI (10(SPL-SPLI)110 (4.6) R2 
the last line obtained using (4.2). But also, similarly to (4.4) 
DSPLP = 10 log 
(10DEGPI10 
_ 1) ) 
where DEGP is the insertion loss degradation for the point source case. Rearranging 
this equation gives 
DEGP = 10 log 
(1 + 1ODSPLP110 ) (4.7) 
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This formula together with (4.6) gives a method of calculating the degradation loss 
for each receiver position in turn from the computed sound pressure levels in the 
line source case with and without the second barrier (SPL, and SPL). Although 
these results are of use individually, they can be combined to produce a single value 
for the insertion loss degradation due to multiple point sources, the procedure for 
which is as follows. 
Let SPLLj, j=1,2, ... denote the sound pressure level calculated by the stan- 
dard two-dimensional boundary element method and SPLPj, j=1,2,... the point 
source equivalent, when the source is at position j and only the front barrier is 
present. Assuming that the main ray path is R, (as defined previ . ously), then from 
(4.5), 
SPLPj = SPLLj - 10 log Ref 
(4.8) 
(, )+C. 
The sound pressure level at the receiver point with both the front and rear barriers 
present is 
SPLPj'= SPLPj + DEGPj. (4.9) 
The insertion loss degradation with all point sources present, ILDP is given by 
ILDP = SPLP'- SPLP, (4.10) 
where SPLP is the logarithmic sum of SPLPj, SPLP2,... and SPLP' that of 
SPLPI', SPLP2,... 
4.2.3 Comparison of Theoretical Results For Line Sources 
and Equivalent Point Sources 
Table 4.3 compares predictions of insertion loss degradation using the standard 
boundary element method with identical results adjusted by the above procedure 
to their point source equivalents for two different parallel barrier arrangements (in 
both cases, neither tilting surfaces nor shield have been incorporated). The geometry 
used is that of the barrier arrangement in Figure 4.1, Le 2m high barriers with a 
separation of 34.3 m, and two sources, each at a height of 0.5 m above the carriageway 
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and at a distance of 7.8 m from one of the barriers. In the second case, the barrier 
furthest from the receiver positions has been made absorptive (the inner face of the 
barrier having an a value of 0.7) - this will have the effect of bringing the performance 
of the arrangement closer to that of a single barrier. 
Receiver Positions Insertion Loss Degradation, dB(A) 













20.0 1.5 6.72 4.57 1.42 0.80 
40.0 1.5 6.68 5.26 1.15 0.79 
80.0 1.5 5.77 4.96 1.41 1.12 
20.0 4.5 7.22 5.37 1.52 0.96 
4.5 9.33 7.82 1.94 1.43 
4.5 8.23 7.18 1.831 1.46 
Table 4.3: Comparison of degradations in Insertion Loss, dB(A), obtained from the 
Boundary Element Method, with those adjusted to a point source scenario. 
The attenuation rates for a point and line source are 6 and 3 dB/doubling of 
distance respectively. For a single barrier the insertion loss is very similar for the 
point and line swirce cases, since the path lengths of the direct ray and the ray over 
the top of the barrier are approximately equal. However, for the parallel barrier 
condition, the 'ray reflected from the opposite barrier is much greater in length 
than the ray over the near barrier and this difference causes the appreciable change 
between the line and point source results in Table 4.3. When the far barrier is 
absorbent, the effect of the ray reflected from this surface is reduced and this effect 
is illustrated in Table 4.3. 
4.3 Comparison Between Theoretical and Full Scale 
Experimental Results 
As already observed, it is the reflected contribution from the barrier furthest from 
the receiver position which degrades the screening efficiency of parallel barriers. In 
this section we describe the results of full scale outdoor tests, in which the author 
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participated as part of the PhD programme, and which have been reported_by Wags 
[120], to assess the effectiveness of physical changes to the barrier geometry. The 
configurations tested have been suggested (Section 4.1) to give improved screening 
over the basic arrangement of two plane, vertical, rigid screens, and included the 
introduction of absorptive or tilted surfaces, additional diffracting edges and median 
barriers (Le. positioned at the centre of the roadway). The tests were conducted 
using the experimental facilities and procedure described in Section 3.2, with the 
layout as used in the boundary element simulations earlier in this chapter, i. e. two 
barriers separated by a 34 m strip of asphalt, with a loudspeaker placed at 7.8 m 
from and facing either barrier (i. e. 4 separate tests were requirea for each barrier 
configuration, the results being logarithmically combined to give an overall SPL 
value) with the axis of the speaker 0.5 m above the asphalt surface. As with the 
previously discussed full scale measurements, the receivers were positioned at 20, 
40 and 80 m from one of the barriers and at heights of 1.5 and 4.5 m. With the 
exception of the tests using parallel reflective vertical screens, the properties and 
the geometry of the front barrier were maintained throughout. 
The different configurations are illustrated in Figure 4.5, together with the man- 
ner in which the principle propagation path and the first reflected path from a source 
between the barriers are diffracted, reflected or absorbed by each barrier arrange- 
ment. In the case of the median barriers, a source position on both sides isshown. 
In detail, the designs are as follows: 
Single reflective nearside barrier, height = 2.0 or 3.0 m. 
b) Parallel reflective barriers, height = 2.0,2.5 or 3.0 m. Increasing the height 
of the barriers produces additional screening of both the direct and reflected 
noise. 
c) Parallel barriers with the near barrier (that nearest the receivers) reflective 
and the far barrier absorptive, height = 2.0 m. The introduction of absorptive 
treatment helps reduce reflection effects, so that the arrangement behaves more 
like a single rigid barrier (case a)). The figure shows the effect of a perfectly 
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Figure 4.5: Parallel barrier arrangements as tested on the Noise Barrier Test Facility; 
a) reference barrier arrangement, no farside barrier; b) reflective farside barrier; c) 
absorptive farside barrier; d) tilted farside barrier; e) farside barrier with tilted 
mid-section; f) absorptive median barrier with rigid farside barrier. 
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absorptive barrier. The absorption coefficient for the absorptive panels, Q is 
approximately 0.8. 
d) Parallel screens with the far screen inclined at at either 5,10 or 15* away 
from the road, height = 2.0 m. Inclining the far screen helps redirect any 
reflected sound such that if the angle is sufficient, it will not be diffracted by 
the nearside barrier. 
e) Parallel barriers with the mid 1.0 m of the far barrier inclined at 100 away 
from the road, height = 2.0 m. This performs in a similar manner to case d) 
f) Parallel reflective barriers with either a 1.125 or 1.25 m high absorptive median 
barrier, height of main barriers = 2.0 m. The introduction of the median 
barrier provides an additional diffracting edge for both the direct and reflected 
sound. Making the barrier absorbent helps reduce reflected sound from the 
nearside barrier at low angles of incidence and additionally absorbs sound 
which would be reflected from the farside barrier. Clearly such a barrier could 
only be implemented on a dual carriageway. 
Theoretical predictions of these parallel barrier arrangements, for the same bar- 
rier, source and receiver geometry as the full-scale experiments, have been performed 
using the boundary element method and the "box-shield" modification proposed in 
Section 4.2-2. However, it should be noted that these calculations were performed 
before the development of the two-impedance ground modification presented in Sec- 
tion 2.2. Consequently to reduce the computation time, since 4 simulations were 
required for each barrier arrangement, ihe calculations were performed using rigid 
ground rather than grassland outside the two barriers in the area of the receivers. 
The results presented in Section 4.2.3 illustrate how, for parallel barriers, relative 
insertion losses are affected by the use of a line or point. source. For increased 
accuracy of comparison it is therefore necessary to adjust the results to a consistent 
source type. The boundary element method results can be adjusted to their point 
source equivalents using the approximate method of Section 4.2.2. Alternatively, the 
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experimental point source results can be adjusted to line source equivalents using 
the approximate method of Watts [120], described in the following paragraph. 





Figure 4.6: Cross-section of a typical parallel barrier arrangement showing significant 
direct and reflected sound rays from a directional loudspeaker source, S, facing the 
receiver position, R. 
Consider the simplified barrier arrangement of Figure 4.6. The loudspeaker is 
assumed pointing towards the nearside barrier and receiver position, R. Since this 
source is directional, no consideration is given to sound rays emitted by the source 
towards the farside barrier. The following correction must therefore be applied for 
all 4 source positions/orientations. Let the direct path from source to receiver over 
the nearside barrier (SBIR) be distance d. The first reflected pathlength (SPQB, R) 
is then of length d+ 2w (to a good approximation) where w is the separation of the 
two barriers. Define the barrier correction (that proportion of the energy removed 
by the barrier) at receiver R resulting from barrier B, in front of the source S as 
Ao and the correction for barrier B2 in front of the image source S' as & If 10 is 
the intensity of the source S at 1 m, then the intensity at R, 1, for a point source 
(spherical spreading) is given by 
1, = Aolod -2 + Allo (d + 2w) -2 . (4.11) 
The intensity at receiver R, I, _, which corresponds 
to cylindrical spreading, i. e. a 
line source at S instead of a point source, can be approximated by 
Ic =f (AoIod-1 + Allo(d + 2w)-l), (4.12) 
where f is a constant which arises from the difference in screening of a line and 
point source. Eliminating 10 then 
Aod-' + A, (d + 2w)-l 
Aod-2 A, (d + 2w)ý2 
(4.13) 
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AO and A, can be obtained using the calculation method given in CRTN [32]. Fr9m 
the subsequent calculated value of 1,, the sound pressure level at R can be calculated 
from R= 10 log I,. If the contribution from the first reflected path is insignificant, 
then the following equation is used: 
I, = fl. d (4.14) 
This equation can thus be used for options other than those where the two barriers 
are both vertical. When calculating relative sound pressure levels, the constant f 
is eliminated. These equations are applicable to all source positions although in 
cases on the test facility where the loudspeaker is oriented towaras the far barrier, 
the most direct path will include one reflection. These equations are based upon 
two contributions: the direct path and the first reflected path. The method can 
be further expanded to account for further reflections between the barriers (see 
Appendix 2, [120]). 
The average sound pressure levels over the 6 receiver positions obtained from the 
full-scale measurements are presented in Table 4.4 for the different configurations 
in Figure 4.5. It is noted that the overall level at each receiver is the logarithmic 
combination of the levels for the 4 different speaker orientations. Also presented 
are the corresponding average insertion losses relative to a single 2 rn high reflective 
barrier at the nearside position, where a positive relative insertion loss means a 
reduction in the screening performance. Using the method of Watts [120] described 
above the individual SPL results have been converted to their line source equivalents 
and the appropriate average insertion loss degradations calculated. These, together 
with the degradations predicted using the boundary element method, Le. for a 
coherent line source, are also included in the table. 
Considering the individual barrier performances in terms of the experimental 
point source results, it is observed that increasing the height of the single barrier 
by 1m improves the -screening performance by approximately 3.5 dB (A) (tests (i) 
and (ii) in the table). The introduction of a2m high reflective screen on the far 
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Barrier option Average SPL Relative 
dB(A) Insertion loss dB(A) 
Point Line BEM 
Source Source Result 
a) Single barrier 
i) 2m reflective 70.8 0.0 0.0 0.0 
ii) 3m reflective 67.2 -3.5 -3.4 -3.5 
b) Parallel barriers with 
far barrier reflective 
iii) 2m high 73.8 3.1 4.4 4.7 
iv) 3m high 71.1 0.4 2.0 2.2 
(3.9)t (5.4) (5.7) 
c) Parallel barriers with 
far barrier absorptive 
v) 2m high 71.1 0.3 0.5 1.2 
-d-)& e) Parallel barriers with 
far barrier tilted 
vi) 0' - 
73.3 2.5 3.9 4.7 
vii) 5' 72.2 1.5 1.8 1.8 
viii) 10* 71.0 0.2 0.3 0.6 
ix) 10* (centre 1m only) 71.3 0.5 0.7 2.1 
x) 15" 70.7 -0.4 -0.1 0.3 
f) Parallel barriers with 
absorptive median barrier 
xi) 1.12 m high 70.5 -0.2 0.2 0.4 
xii) 1.25 m high 69.7 -1.0 -0.8 1 0.1 
Table 4.4: Average noise levels and relative insertion losses behind different parallel 
barrier options (from [120]). t bracketed values denote insertion loss relative to the 
3m single barrier. 
side of the carriageway, (iii), degrades the screening performance by approximately 
3 dB(A). Increasing the height of both barriers to 3 m, (iv), compensates consid- 
erably, although the average insertion loss is still slightly less than that of the 2 
rn single screen. However a considerable degradation in performance is observed 
in comparison to the 3m single barrier. The introduction of an absorptive screen 
should (Section 4.2.3), depending on the absorption coefficient, a, of the absorber, 
minimise degradation effects. This is observed in the experimental averages, the 
degradation loss being approximately the same as observed when increasing the 
height of the two rigid screens. Tilting the inner face of the far barrier reduced the 
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insertion loss degradation, the most effective performance being observed for the 15" 
tilt, test (x). It is noted that the result for the 0" tilt case is different to that for 
the plane reflective parallel arrangement, even though the two cases are equivalent. 
This is attributed to differences in the surface type on the far barrier, being plywood 
panelling in the former case and aluminium in the latter. Tilting only the middle 
1m of the screen, (ix), has less effect than when the whole screen is inclined. The 
introduction of the absorptive median barrier effectively eliminates any degradation 
resulting from the introduction of the farside screen. 
When the experimental results are adjusted to their line. source equivalents (Ta- 
ble 4.4), high increases in the average relative insertion loss (Le degradations in 
screening performance) of between 1.3 - 1.6 dB(A) are observed when a vertical 
rigid barrier is present on the far side. This is a result of the significant contribu- 
tion of the reflected component. When the far barrier is inclined, the difference is 
less pronounced. The boundary element predictions using the standard coherent 
line source are observed to generally overestimate the degradation compared to the 
adjusted measurements, although being generally within 1 dB(A). The rank order 
of the different configurations based on the boundary element predictions is simi- 
lar to that for the experimental results. The most significant difference in the line 
source results is for the case when the central 1m of the far barrier is inclined at 
100, although the reason for this is unclear. The errors between the BEM results 
and the adjusted measurements may be attributable laxgely to the difference in the 
outlying ground conditions noted previously. Other contributory factors are the 
perfect geometry and reflective surfaces in the model, although the incorporation of 
the box-shield goes some way to reducing these effects. Such conditions cannot be 
realistically met in most site conditions. The best agreement between the methods 
occurs when the faces of opposing barriers are not vertical. 
The performances of some of the different parallel barrier arrangements at the 
different receiver positions, as modelled using the boundary element approach, are 
compared in Figures 4.7 and 4.8. The results for the plane reflective 2 rn high screen 
in the nearside position are also included. The figures indicate that noise levels 
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100 
95- 
i , Tý I 
iv) 
V) 
Receiver Position 120,1.5 1 40,1.5 1 80,1.5 120,4.5 140,4.5 
Option i) 89.50 87.96 87.52 94.37 89.47 86.52 
Option iii) 93.11 91.66 91.59 99.63 95.49 92.08 
Option iv) 90.12 89.91 89.53 96.31 92.77 89 . 84 
Option v) 90.39 89.14 88.79 95.50 90.71 87-85 
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Figure 4.7: Predicted sound pressure levels, dB(A), using the BEM for different par- 
allel barrier arrangements, i) Single 2m barrier; iii) 2m reflective parallel barriers; 
iv) 3m reflective parallel barriers; v) 2m parallel barriers, far barrier absorptive. 
were generally higher at the 4.5 ni receiver position than those at 1.5 ni, the rate 
of attenuation being at least 3 dB/doubling of distance, the rate corresponding to 
cylindrical spreading. It is observed that the high receivers at 20 and 40 m lie in 
the illuminated zone for the far source position when the barriers are 2m high. The 
decay rates at the lower receivers are considerably less. Reduced differences between 
the 20 and 40 in position occur since any reduction through geometrical spreading 
will be offset by the. receiver at 20 m being much deeper in the shadow zone. Effects 
at more distant receiver positions can be considered in terms of the different source 
components used in these tests. When the source is in the far side position or in 
the nearside position and oriented towards the far barrier position, the change iri 
path length from one receiver to the next is relatively small because of the width 
of the road. Although the direct path from the nearside source over the top of the 
near barrier is the dominant component, in the absence of ground absorption, tile 





vii) viii) ix) xii) 
Receiver Position 1 20,1.5 140,1.5 1 80,1.5 1 20,4.5 1 40,4.5 180, 
Option i) 89.50 87-96 87.52 94.37 89.47 86.52 
Option vii) 90.69 
- 
89.79 89.27 96.49 91.28 88.49 
Option viii) 89-94 88.5-6 88.10 94.81 90.14 87.19 
Option ix) 89.72 ý 8.2-9 87.77 94.48 89.69 86.88 
Option xii) 88.79 87.25 86.68 94.51 89.96 86.76 
1-10 
Figure 4.8: Predicted sound pressure levels, dB(A), using the BEM for difrerent 
parallel barrier arrangements; i) Single 2 in barrier; vii) 2m parallel barriers, far 
barrier tilted at 5'; viii) 2 in parallel barriers, far barrier tilted at, 10'; ix) 2 ni 
parallel barriers, far barrier tilted at 15'; xii) 2m parallel barriers, 1.25 in absorptive 
median barrier. 
contributions from the other source positions /orie nt at ions are relatively coitstallt, 
thereby reducing the decay of the combined level. 
4.4 Conclusions 
The introduction of a reflective screen on the farside of the carriageway degrades the 
performance of a plane rigid screen by approximately 3 dB(A) (4 dB(A) for a line 
source) depending on the composition of the reflective surface of the far screen. The 
introduction of absorptive treatment reduces the degradation loss by mininilsing 
reflections in the far barrier. For the current tests, the reduction is approximately 
3.5 dB (A) for the line source case. The results indicate that inclination of the barrier 
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at angles of > 10' are sufEqient to minimise diffraction of reflected sound over the 
front barrier. This is in line with the findings of previous studies. The introduction 
of an absorptive median barrier is observed in these tests to be the best means of 
restoring screening potential. This is a new and significant result which could have 
potential applications. These barriers absorb waves with a low angle of incidence 
which would otherwise be reflected in the far barrier, in addition to absorbing direct 
and reflected waves from the far side source. The effect of the additional diffracting 
edge is also beneficial. 
Provided that the limitations of the boundary element methoa are realised, ad- 
ditional features can, if required, be introduced to account for the presence/effect of 
vehicle bodies (e. g. see [123,121]) and geometrical imperfections in the barriers and 
ground surface. In such a manner, the boundary element method is an effective tool 
for modelling parallel barriers, particularly if the modified procedure of Section 2.2 
is used. However, full scale testing is crucial to confirm the theoretical predictions. 
The development of a straightforward approximation has allowed the transfor- 
mation of line source results to those of a point source. Whilst this adjustment 
procedure does not provide results detailing the absolute performance of the bar- 
rier, combining data from stages of this adjustment with data from the original 
boundary element method allows the insertion loss of such an arrangement using 
multiple point sources to be calculated. 
Whilst not necessarily producing exact results, the rnýthod can be used as a 
basis for generating predictions as to the relative performance of parallel barrier 
arrangements in both point and line source cases. 
Chapter 5 
Multiple-edge Noise Barrier 
Profiles 
Previous work has reported the benefits of including additional diffracting edges 
to enhance the screening potential provided by a single plane barrier. One such 
design in particular, developed by Crombie, Watts et al [23,25,26,118,121], is 
based around multiple edges on a single foundation, the form of the device when 
viewed along the axis of the- barrier being that of a trident although the panels 
are unconnected (see Figures 5.1 and 5.2). Full scale tests of this design on a 
major UK motorway have been carried out [121] in which the panels were mounted 
asymmetrically on the side of the barrier facing away from the traffic. The results 
obtained suggested that the performance of the configuration is strongly influenced 
by the geometry of the installation site. 
In this chapter a study is presented, using the boundary element method of 
Chapter 2, whereby the arrangement of the panels has been varied through the 
inclusion of closing panels and absorptive treatment to establish an optimum geom- 
etry, the performance of which can be expected, for reasons to be explained, to be 
less dependant on site conditions. An important consideration was that the design 
should be practical with minimal manufacturing complications. 
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5.1 A Review of Previous Work 
Studies of multiple barrier arrangements have shown that the use of double bar- 
riers, i. e. two barriers between the source and receiver, offers increased screening 
performance over a single plane screen. It appears that the insertion loss decreases 
with reducing barrier separation. This seems reasonable since the additional inser- 
tion loss due to the second screen should reduce approximately to zero with zero 
separation. 
Hayek [49,50] performed a mathematical analysis and 1: 5 scale model experi- 
ments of such arrangements. At full scale, the height of the two barriers was 4.5 
m and separations of 0.15,0.30 and 0.60 rn were tested. A line source, formed by 
a series of moving loudspeakers, was positioned at 18.0 m from one of the barriers 
and at a height of either 0.5 or 2.4 m above a rigid ground surface (to represent 
a car and truck noise source respectively). Receiver positions were selected behind 
the second barrier at distances of 18.0,36.0,72.0 and 102.0 m, and heights of 0.376, 
1.5,3.0 and 6.0 m. In some of the tests, either one or both of the barrier faces 
oriented towards the source were covered with sound absorptive material. Measured 
and calculated insertion losses showed an improvement of 7-9 dB (A) over a single 
barrier of the same height. 
Crombie et al [271 performed boundary element simulations of double barrier 
arrangements. The basic cross-section involved a3m high barrier 15 m away from 
a source in rigid ground. Further barriers were then positioned in between such that 
the line of sight between the source and the rear barrier grazed their upper edge(s). 
The closest barrier was at 3 m. Receiver positions were at 20,50 and 80 m behind 
the far barrier. An increase of approximately 2 dB(A) in the average insertion loss 
was observed for different double barrier separations in comparison to a single 3m 
barrier at the same position as the front barrier. Compared to a3m single barrier 
at 15 m, the most effective double barrier arrangement was with the front barrier 
3m from the source, the insertion losses being 14.4 and 19.2 dB(A) respectively. 
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Comparisons were also made between double barriers of the same height and variable 
separation, and single barriers of varying height. The effect of varying source height 
was also studied, although the barrier heights were determined assuming that the 
source was still in the ground. The results obtained indicated that for positive source 
heights, the additional barrier had little effect until its height was sufficient to graze 
the line of sight between the source and rear barrier. Scale model experiments 
on arrangements from [27] were conducted by Crombie and Hothersall [24]. Good 
agreement was observed between boundary element predictions and experimental 
results. 
Fall scale measurements of double barrier arrangements have been reported 
[23,118] which were conducted using the experimental test facility, procedure, and 
source and receiver positions described in Section 3.2.1. Three configurations were 
tested and compared to a plane 2m screen, namely 2m high barriers with a sep- 
aration of either 4 or 8 m, and a mixed height combination with 8m separation. 
In the latter case the front barrier (that nearest the source) was 1.25 m high, the 
rear barrier 2.0 m. On average over the 6 receivers, the mixed height combination 
provided marginally lower insertion losses than the plane screen. The other arrange- 
ments provided on average at least 3 dB(A) additional insertion loss, although the 
improvement generated through increasing the separation was only of the order of 
0.5 dB(A). 
A comprehensive study was undertaken by Crombie [23] (also reported in [25,26]) 
in which the double barrier principle was extended to multiple diffracting edges upon 
a single foundation. Such a device was proposed as being a means of improving the 
performance of a plane screen with no increase in the overall height and without 
the ground requirements of double barriers. The tests were performed using the 
standard 2-D boundary element method (Section 2.1) and were based around a3m 
vertical rigid screen on rigid ground. The source position was 15 m from the barrier 
and in the ground. Receivers were located at 20,50 and 100 m behind the barrier, at 
heights of 0,1.5 and 3.0 m. In the majority of cases the top edge of the additional 
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panel was at the same height as the top of the main barrier. For this geometry, 
the addition of a1m panel 0.5 m from the source side of the barrier improved 
the average insertion loss by 1.9 dB(A). This was equivalent to the introduction of 
a second 3m high barrier at a distance of 0.5 m from the basic plane screen on 
the other side of the screen to the source. The insertion loss was degraded when 
the panel was mounted on the receiver side of the barrier, since sound diffracted 
between the panel and upright was directed towards the receivers rather than the 
source. It was observed from the results that the panels should be of sufficient depth 
to prevent significant diffraction around the lower edges. However, with the panel 
mounted on the source side at a separation of 0.5 m, increasing the depth from 1.0 
to 1.5 m caused a reduction in insertion loss, suggesting that destructive interference 
effects between rays passing over the top of the device and rays diffracting around 
the bottom edges of the panels contribute to the effectiveness of the design. 
The introduction of additional edges further improved the predicted average 
insertion losses, although with diminishing returns. The introduction of absorptive 
treatment was observed to have little effect. Connecting the panels to the upright 
with a horizontal plate, thereby preventing propagation through the bottom of the 
gaps between the surfaces reduced the performance. This can be attributed to 
the reduction in diffraction effects already discussed and the possibility of increased 
levels at the top of the barrier due to reflection of the diffracted waves in the bottom 
panel. Lining the inner surfaces with absorbing treatment helped to offset these 
increased levels. 
1: 20 scale model experiments on a barrier with twin diffracting edges reported in 
the same work [23] gave very good agreement with boundary element predictions. 
Also reported in [23,118] are full scale simulations of 4 symmetrical multiple- 
edge profiles, using the test facility, procedure, and source and receiver positions 
described in Section 3.2.1. The barriers were 2m high with either 0.5 or 1.0 m deep 
panels and separations of 0.5 m (and also 1.0 m for the 0.5 m panel arrangement). 
Three of the configurations used a main upright where the top 0.5 m was absorptive. 
Similar average insertion losses were obtained for all configurations, between 2.4 and 
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2.7 dB(A). The most effective design was the part absorptive upright with 0.5 In 
panels and 1.0 in separation. However, the performance was not as good as that of 
the 2 in high double barrier configurations. The insertion losses determined from 
the full scale experiments were in good agreement with the BEM predictions for the 
receivers at (40,1.5), (80,1.5) and (80,4.5). Otherwise the theoretical simulations 
underestimated the performance of the multiple edge designs. It was suggested 
that some of the error may have been a result of inaccurate representation of the 
grassland on the far side of the barrier in the boundary element method. 
The original concept of the design, i. e. multiple diffracting edges on a single foun- 
dation has been jointly patented by the University of Bradford and t1w Transport 
Research Laboratory. Following the full-scale trials of the multiple-edge configura- 
tion, Watts [121] reported upon full-scale in-situ tests of the design alongside the 
M25 motorway in the UK. An engineered prototype was used, known as the RTB 
profile (see Figures 5.1 and 5.2) developed with the assistance of Radian Engineer- 
ing. The trials were conducted at three different sites chosen to represent a range 
of different conditions. 
0.5ni 0.5m 
Support Tube Support Beam 
0.5m 
Noise Thin steel panel,, 
Barrier 
Post Attachment consisting of 4 No. 
I 
"Lindaptors" (clamp fixings) 
Figure 5.1: Cross-section through asymmetrical RTB profile. 
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Figure 5.2: Cross-Section through symmetrical RTB profile. 
Site A was chosen as representative of an essentially flat site, with the 8 laile nio- 
torway on a slight embankment approximately 1.7 m above the surrounding ground. 
Barriers of height 2 in were installed on both sides of the carriageway at the, edge of 
the hard shoulder. At site B, the motorway was also 8 lanes wide and constructed 
on a5m high embankment. The 3 in high barriers were erected on both sides of 
the carriageway adjacent to the hard shoulder. Figure 5.3 shows the asyrnmetric 
profile erected at site B. At site C the motorway was 6 lanes wide and running in a 
4m deep cutting with 2m high barriers on both sides. Separating the cutting from 
the outlying ground were 2.5 m embankments on which the barriers were erected. 
Consequently, the top of the barrier was approximately 7m above the road and 4 
m above the outlying ground. In each case, the RTB profile was installed over a 100 
in length of barrier. At sites A and B, due to the proximity of the barriers to the 
carriageway, the additional panels were mounted asymnietrically on the far side of 
the barrier, as shown in Figure 5.1. At site C the symmetrical profile of Figure 5.2 
was used. 
Measurements were taken at a series of receiver positions at 15 and 25 in behind 
the barrier, at heights of 1.5 and 4.0 m. At site B, measurements were additionally 
taken at the most distant receiver at a height of 6 in. Measurements at site C were 
restricted to a single receiver position 18 rn behind the barrier at a height of 4 in. 
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Figure 5.3: Asymmetric multiple-edge profile as erected at site B on the N125 mo- 
torwav 
Levels were recorded over 10 minutes intervals both before and after the installa- 
tion of the profile and normalized for zero wind speed (using the procedure described 
in Section 3.2.1). Results were presented in terms of LAeq and LIO, i. e. the average 
A-weighted level over each 10 minute period and the level exceeded for 10% of the, 
time over the measurement period. 
The best improvement in screening performance over the existing barriers was 
observed at site A, being 1.5 - 3.8 dB(A) in terms of L10. At site B, a maxinilim 
reduction of 1.9 dB(A) was observed at the highest, most distant receiver, and a 
small increase in level was observed at the 1.5 m height receiver at 15 In. At site C, 
the improvement in Lio at the single receiver position was 1.4 dB(A). 
The results indicated that the performance of the RTB profile is influenced by 
site conditions. It was observed that the improvement in screening decreased as 
the efficiency of the existing barrier increased. For the plane screen, the greatest 
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screening occurred when the source and receiver were well below the top of the 
barrier. It was considered that in such cases the introduction of the profile may 
result in diffracted sound reaching the receiver which would otherwise not do so, 
as a result of sound leakage between the panels. It was suggested that a means of 
reducing this might be either to close the bottom of the device or treat the panels 
with sound absorbent material. 
5.2 Optimisation of an asymmetric multiple-edge 
profile 
Further to the conclusions of Watts [121], an attempt has been made to identify an 
optimum design for the asymmetric RTB profile. This has been done using the 2-D 
boundary element method outlined in Chapter 2. However, due to circumstances 
reported in Section 2.1, the simulations have been restricted to modelling barriers 
on flat level ground rather than on the top of an embankment. 
For conformity, the tests have been conducted using the site geometry reported 
for previous theoretical and experimental tests (Chapters 3 and 4), namely receiver 
positions at 20,40 and 80 m behind the barrier and at heights of 1.5 and 4.5 
m, with a 10 m wide road surface, and grassland beyond the barrier. However, 
only a single source position has been used - that at 7.5 m from the barrier, at a 
height of 0.5 m. Cross-sections with a barrier on both sides of the carriageway have 
not been considered. In all of the cases, the additional panels have been mounted 
asymmetrically onto a plane screen, on the opposite side of the barrier to the source 
as at sites A and B in [121]. The Delany and Bazley model [31] has been used to 
describe the impedance of the various barrier and ground surfaces, with the following 
values assigned: 1E20 Nsm-" for the reflective barrier surfaces and the asphalt road 
surface, and 250,000 NsM-4 for the grassland on the receiver side which is within 
the range proposed in [39]. 
The following options have been considered and are illustrated in their simplest 
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form in Figure 5.4; (i) the standard multiple-edge design as proposed by Crombie 
et al [23,25,26], using two additional panels; (ii) tilting the diffracting edges or 
introducing distortions into the panels; introducing a horizontal or inclined baseplate 




Figure 5.4: Examples of the different types of cross-section tested as part of the 
optimisation 
In some of the tests, absorptive treatment has been applied to the additional 
panels and the upper sections of the main barrier. In the case of the full-scale, 
physical barrier arrangements, it was envisaged that this treatment would be applied 
in the form of a spray-on sound absorptive material. This has been modelled in the 
BEM simulations, using the Delany and Bazley equations, by a rigid backed porous 
layer having a flow resistivity of a= 160,000 NsM-4 and depth, d=0.018 m, 
resulting in an absorption coefficient of a=0.5. These values of a and d were 
selected as giving the best approximation to the octave band absorption coefficients 
of one such commercially available material. 
All of the different designs have been based around a2m high reflective barrier 
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(in keeping with the full scale tests of [118] and the in-situ tests [121] at sites. A 
and C) and two additional diffracting edges. The dimensions of the basic profile 
are presented in Figure 5.5a. The additional panels are 0.5 rn deep and 0.012 m 
thick (from [118]), with the separation between adjacent diffracting edges being 0.5 
m. Unless specified otherwise, this separation has been maintained for the different 
configurations. 
The results will be presented in terms of the improvement in insertion loss relative 
to the 2m high rigid plane screen, averaged over the six receiver positions. Due to 
computational restrictions, calculations have been restricted to third-octave band 
centre frequencies between 63 Hz and 3.115 kHz, using the A-weighted traffic noise 
spectrum presented in Figure 3.22 of Chapter 3. 
5.2.1 The effect of simple variations on the basic profile 
For the basic asymmetric profile, (a) in Figure 5.5, an average improvement in 
insertion loss of 0.97 dB (A) has been observed relative to the rigid plane screen. This 
is slightly less than predicted by Watts et al [118] where the improvement was 1.4 
dB (A), although this was for the case of a symmetrical multiple-edge configuration. 
It is also noted that this earlier result is an average of predictions made for two 
source positions (5.5 and 7.8 m), and there is a slight change in the definition of the 
grassland on the receiver side of the barrier (depth, d= oo here, d=0.1 m in [118], 
= 250,00ONsM-4 in both studies). 
The first tests involved simple changes to the basic profile. These were the in- 
troduction. of absorptive treatment onto the panel faces (and also the upper 0.5 rn 
of the main barrier), and closing the gaps at the bottom of the panels with a rigid 
horizontal baseplate, as shown by designs (b) and (c) respectively in Figure 5.5. 
Arrangement (d) is a combination of these two modifications, with absorptive'treat- 
ment also applied to the baseplate. The insertion losses at the individual receiver 
positions are surnmarised in Figure 5.6. 
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Figure 5.5: Relative mean insertion losses, dB(A), for simple open and closed asym- 
metric multiple-edge barrier configurations. Dashed lines denote absorptive surfaces. 
As might be expected, all three designs (b) - (d) perform more effectively on av- 
erage than the basic multiple-edge profile. The introduction of absorptive treatment 
immediately increases the average screening by approximate'ly 0.4 dB(A), with the 
effect being most significant at the 1.5 m height r6ceivers. This would suggest a re- 
duction in sound leakage between the panels, although a significant degree of diffrac- 
tion is maintained at the bottom edges. It is observed, comparing arrangements (b) 
and (c), that treating the profile with sound absorptive material is marginally more 
beneficial on average than adding the rigid baseplate. Study of the improvements at 
the individual receivers for these configurations (Figure 5.6) reveals the closed de- 
vice, (c), to be more effective at the closest low receiver, but less effective elsewhere. 
The largest differences are observed at the 4.5 m receivers. This would suggest leak- 
age to be problematic at low heights relatively close to the barrier, whilst diffraction 
from the bottom edges of the panels contributes to improving insertion losses at 
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Receiver Position 20.0, -40.0, -80.0, -20.0, -40.0, -80 0, , 
ý Mean 
1.5 1 r, 1 
1 ý ý 
4. 
Pro le type (a) 0.73 0.81 0.69 0.94 1.46 1.17 0.97 
Profile type (b) 1.18 1.61 1.36 1.06 1.44 1.38 1.34 
Profile type (c) 1.45 1.54 1.23 0.38 1.01 1.38 1.17 
Profile type (d) 2.00 2.28 1.92 0.75 1.41 1.81 1.70 
Figure 5.6: Relative insertion losses, dB(A), for simple open and closed asymmetric 
multiple-edge barrier configurations. 
greater distances. Additionally, sound diffracted between the panels is being re- 
flected out of the closed device. Incorporating both the horizontal baseplate and 
absorbent treatment onto all internal surfaces results in the most effective design, 
providing on average an additional 0.7 dB(A) insertion loss relative to the reference 
configuration. The insertion loss predicted at the lowest receiver positions is gen- 
erally increased by at least 0.5 dB(A), although the levels at the. high 20 and 40m 
receivers are still higher than for the basic profile, (a). 
However design (d) is, as it stands, an impractical solution, since the 'channels' 
formed by the additional panels/base would accumulate debris, whilst the sealed 
base prevents drainage. This is turn might lead in time to a reduction in the screen- 
ing performance of the multiple-edge profile. The former problem might be treated, 
without damaging acoustic performance, by the use of a mesh cover over the top 
of the barrier. Were the base to be both inclined and open at some point (as for 
CHAPTER 5. MULTIPLE-EDGE NOISE BARRIER PROFILES 154 
example with the Calmzone device (Chapter 3) which includes drainage holes), the 
drainage problem would be overcome. This latter modification might reduce the 
likelihood of sound being reflected out of the profile, particularly if absorptive treat- 
ment is applied to the internal surfaces of the device. The tests on designs (b) - (d) 
suggest that performance can be significantly affected by reducing leakage between 
the panels. 
5.2.2 The effect of inclined/cranked panels 
Closing the multiple-edge profile at the baseof the additional panels has been shown 
to be effective providing absorptive treatment is also applied. It is considered that 
an alternative means of reducing sound leakage, whilst maintaining diffraction at the 
bottom edges of the panels, would be to tilt the panels such that the positions of the 
upper diffracting edges remain unchanged, but the separation of the bottom edges 
is reduced. The designs tested are shown in Figure 5.7: namelY (e), both panels 
tilted at 26.5"; (f) the same design with absorptive treatment on both panels; (g) 
the first panel (that nearest the barrier) tilted at 26.50, the second at 450, with 
absorptive treatment on the receiver-facing surfaces; (h), the first panel tilted at 
450, the second at 56* with absorptive treatment on the receiver-facing surfaces; (i), 
the first panel tilted at 45, the second at 56*, with absorptive treatment on the 
source-facing surfaces; 
Two variations on the tilted panels have also been considered and are shown as 
designs 0) and (k) in Figure 5.7. These both use cranked panels, the upper section 
being inclined at 26', the lower at 64'. The lower sections are of sufficient length 
to reduce the separations at the bottom edges of the panels to 0.125 m as shown in 
the figure. Type (j) has absorptive treatment applied to the top 0.5 m of the main 
barrier and those surfaces tilted at 26*, whilst design (k) includes treatment on all 
of the tilted surfaces. The results of all the tests are summarised in Figure 5.8. 
All of the designs provide some improvement over the basic type (a) profile, on 
average between 0.3 - 0.7 dB (A). Inclining both panels at 26* provides approximately 
0.5 dB(A) improvement, with the most significant change being observed at the low 
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Figure 5.7: Relative mean insertion losses, dB(A), for asymmetric multiple-edge 
barrier configurations - inclined panels. Dashed lines denote absorptive surfaces. 
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Profile type (a) 0.73 0.81 0.69 0.94 1.46 1.17 0.97 
Profile type (e) 1.33 2.09 1.65 0.97 1.45 1.64 1.52 
Profile type (f) 1.49 1.99 1.64 0.99 1.34 1.70 1.53 





Receiver Position 20.0, J- ý '), -80.0, 200, -40.61 
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ý I 
Profile type (h) 1 -ý-2 1.81 
f -48 0.85 1.16 1.60 1.40 
Profile type (i) 1.60 2.04 1.67 0.95 1.33 1.68 1.55 
Profile type (j) 1.37 1.73 1.44 0.96 1.23 1.58 1.39 
Profile type (k) 1.30 1.66 1.37 0.92 1.18 1.52 1.33 
Figure 5.8: Relative insertion losses, dB(A), for asymmetric multiple-edge barrier 
configurations - inclined panels. 
CHAPTER 5. MULTIPLE-EDGE NOISE BARRIER PROFILES 157 
receivers, at 40 and 80 m behind the barrier. The addition of absorptive treatment 
to these panels, as in design (f), does not significantly affect the performance. This 
would suggest that any improvement in screening potential is largely a result of the 
tilting action and the corresponding change in the position of the lower diffracting 
edges. 
Further increasing the inclination of the panels, as in designs (g) and (h), causes 
no significant reduction in average screening, although the two designs produce 
higher insertion losses than design (e) at the (20.0,1.5) receiver position. This 
would suggest that less sound is propagating through the bottom of the multiple- 
edge profile. Changing the position of the absorptive treatment irom the receiver- 
facing to the source-facing sides of the panels, i. e. changing from design (h) to (i), 
has a small benefit. The type (i) profile is observed to provide similar insertion loss 
to design (d). The use of cranked panels in designs 0) and (k) is shown to be less 
efficient than simply using plane tilted panels. 
The results indicate that the benefits of using inclined panels are small, providing 
lower average relative insertion losses than the absorptive design with the horizontal 
baseplate, (d) - unfortunate in view of the improved practicality of the design. 
Variations in noise level between the different tilted profiles are generally very small, 
making it difficult to attribute changes in behaviour to specific characteristics. Based 
on these results, the remaining tests will be concerned with the study of vertical 
diffracting panels, with any modifications made to the baseplates. 
5.2.3 The effect of individual 
The type (d) design has so far been shown to be on average the most effective 
multiple-edge profile. Although the introduction of small holes into the baseplate 
would permit drainage, also inclining the base will assist this. For example, such a 
change has been introduced in the development of the Calmzone device from that 
tested by Eda et al (see Chapter 3). The designs tested in the following section 
feature the additional diffracting panels with individual inclined baseplates, which 
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are unattached to the adjoining panels. Configurations (1) to (p) in Figure 5.9 use 
baseplates on the rear panel which do not extend below the level of the front panel 
(see detail in Figure 5.9). In all cases, the horizontal separation between the adjacent 
panel/upright has been fixed at 0.1 m. Baseplate inclinations are given in terms of 
the inclination to the horizontal. The details of the individual configurations are as 
follows: type (1), both base panels inclined at 37; (m), front base panel inclined at 
181" rear base panel inclined at 37'; (n), front base panel inclined at 1810, rear base 272 
panel inclined at 37', absorbent treatment on all panels and top section of upright; 
(o), front base panel inclined at 1810, rear base panel inclined at 370, absorbent 2 
treatment on front faces of panels; (p), front base panel inclined'at 18ý'O rear base 21 
panel inclined at 370, absorbent treatment on inner faces of rear "channel". The 
insertion losses at the individual receiver positions, relative to the the basic type (a) 
configuration, are presented in Figure 5.10 
All five of the profiles of Figure 5.9 give increased screening in comparison to 
the basic design, type (a), on average between 0.75 - 0.97 dB(A). The improvement 
relative to type (d) is less Significant being in the range 0.02 - 0.24 dB(A). Type (1) is 
the most effective profile tested, which is unexpected since it is rigid. In comparison 
to type (d), similar relative insertion losses are observed at the low receivers, the 
improvements occurring at the 4.5 m height receivers. Reducing the angle of the 
front baseplate improves the performance relative to type (1) at the low receivers, 
although the performance at high level is degraded. One possibility is that the angle 
of the baseplate affects the amount of sound reflected out of the profile, whilst the 
position of the gaps at the bottom of the profile affects the diffraction of sound 
propagating through the device. 
Designs (n) - (p) investigate how the positioning of the absorptive material on 
the vertical faces affects the behaviour of the profile. In all three cases, screening is 
reduced relative to the rigid equivalent, design (m), by approximately 0.14 dB(A), 
although the position of the absorptive treatment appears relatively unimportant. 
Overall, the results suggest that decreasing the angle of tilt below 37' has a 
negative effect. Additionally, following the introduction of the inclined baseplates, 
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Figure 5.9: Relative mean insertion losses, dB(A), for asymmetric multiple-edge 
barrier configurations - distorted panels. Dashed lines denote absorptive surfaces. 
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Figure 5.10: Relative insertion losses, dB(A), for asymmetric multiple-edge harrier 
configurations - distorted panels. 
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performance has been observed to be degraded if absorptive treatment is applied. 
Consequently, the remaining test configurations will be largely restricted to con- 
struction from rigid surfaces. 
An alternative to the basic configurations of designs (I)-(p) is to terminate the 
rear base panel beneath the front diffracting panels, resulting in a gap which lies 
more in the vertical plane (see detail in Figure 5.11). Examples of such a design are 
presented in Figure 5.11 where, with the exception of design (t), the gap between 
the front and rear base panels is fixed at a depth of 0.125 m. The horizontal 
separation between the front baseplate and the main upright is maintained, as in 
the previous set of tests, at 0.1 m. The details of the individual profiles are as 
follows: (q), both baseplates inclined at 37*; (r), front baseplate inclined at 18-5 2 
rear baseplate inclined at 37*; (s), front baseplate horizontal, rear baseplate inclined 
at 37. Configuration (t)'features baseplates inclined at 37' but with a gap between 
the panels of depth 0.38 m. This is achieved by reducing the depth of the first 
additional diffracting panel from 0.5 to 0.25 m. The relative insertion losses for 
these cases are configurations are presented in Figure 5.12. 
Design (q) is similar to (1) in that both base panels are inclined at 37". However 
the relative insertion loss of design (q) is 0.35 dB (A) lower than that of (1). The only 
significant difference between the two designs is the position of the gap between the 
front panel and rear baseplate. Reducing the angle of the rear baseplate from 37* 
to 181-0 improves the average performance of the profile by 0.33 dB(A), the change 2 
at individual receivers being generally uniform (except at (20.0,4.5), where the 
performance is poorer). Further decrease of the inclination to 0* sees a degradation in 
average performance to only 1.47 dB(A) relative insertion loss. The most significant 
differences in this case are observed at the close 1.5 m height receivers. It is suspected 
that the degree of diffraction from the gaps in the baseplates is likely to be affected 
by the angle of the front baseplate, particularly with regard to how sound propagated 
through the device is reflected from the underside of the profile. Within the profile, 
the angle of the baseplate will affect the way in which sound is reflected upwards. 
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Figure 5.11: Relative mean insertion losses, dB(A), for asymmetric multiple-edge 
barrier configurations - distorted panels No. 2. Dashed lines denote absorptive sur- 
faces. 
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Profile type (a) 0.73 0.81 0.69 0.94 1.46 1.17 0.97 
Profile type (q) 1.63 1.99 1.69 0.94 1.44 1.86 1.59 
Profile type (r) 2.06 2.48 2.04 0.85 1.77 2.34 1.92 
Profile type (s) 1.46 1.72 1.42 0.92 1.54 1.73 1.47 
Profile type (t) 1.67 2.18 1.88 1.16 1.81 1.92 1.77 
Figure 5.12: Relative insertion losses, dB(A), for asymmetric multiple-edge barrier 
configurations - distorted panels. 
The addition of design (t) to a plane screen leads to an improvernent in screening 
of on average 1.77 dB(A), which is better than that achieved using designs (q), (s) 
or (m) - (p) by varying degrees. The depth of the gap between the base pancls 
is such that leakage of diffracted sound is unavoidable. However, the length of Ow 
resultant channel combined with the 37' angle appears sufficient to redirect any 
reflected sound away from the receivers considered in this study 
5.2.4 The effect of a single inclined base-plate 
A further possibility is the use of a single baseplate which is unconnected to Ow 
central diffracting plate, as in the different configurations presented in Figure 5.1: 1. 
These profiles are all based around a baseplate inclined at 37' to the horizontal, 
changing only the horizontal separation of the upright and two diffracting panels. 
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The separation between the. end of the baseplate and the main upright is fixed as. in 
previous tests at 0.1 m. 
It is observed from the dimensions shown in Figure 5.13 that for each configu- 
ration the depth of the gap between the bottom edge of the middle panel and the 
baseplate varies. This has been done to maintain the ratio between gap depth and 
panel separation, set from type (u) as 0.125/0.5 = 0.25, allowing the angle of the 
baseplate to be fixed, and the two baseplates to be aligned with one another. Conse- 
quently the depth of the middle panel varies according to this ratio, whilst the depth 
of the rear panel is fixed at 0.25 m. The designs, which are all rigid unless specified 
otherwise, are as follows: (u), panel separation = 0.5 m, middle panel height = 0.5 
m, gap depth 0.125 m; (v), panel separation = 0.5 m, middle panel height = 0.5 
m, gap depth 0.125 m, all internal surfaces being treated with absorbent Material; 
(w), panel separation = 0.343 m, middle panel height = 0.422 m, gap depth = 0.086 
m; (x), panel separation = 0.422 m, middle panel height = 0.462 m, gap depth 
= 0.106 m; (y), panel separation = 0.55 m, middle panel height = 0.526 m, gap 
depth = 0.138 m; (z), panel separation = 0.48 m, middle panel height = 0.491 m 
gap depth = 0.12 M; (aa), panel separation = 0.52 m, middle panel height = 0.512 
m, gap depth = 0.13 m. The insertion losses predicted at the individual receiver 
positions are summarised in Figure 5.14. 
The average insertion loss over the six receiver positions resulting from the in- 
troduction of the type (u) profile is 2.10 dB(A), the highest value observed over 
all of the tests and an improvement on the -screening provided by the basic type 
(a) profile by approximately 1.1 dB(A). In comparison to other similar profiles, (1) 
and (q), with 37" angle baseplates and the same panel separations, there is also an 
improvement of --0.15 and 0.5 dB(A) respectively. Considering the levels at the 
individual receiver positions, the most noticeable improvement over type (a) (and 
also over (1) and (q)) is observed at the low height receivers, being in the range 1.5 
- 1.9 dB(A). The poorest performance is observed at (-20.0,. 4.5) where the level 
is approximately the same as that observed using (a). Again the introduction of 
abs orptive treatment onto the internal faces of the device, as shown by type (v), 
has negligible benefit on the average screening, although a small improvement is 
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Figure 5.13: Relative mean insertion losses, dB(A), for asymmetric multiple-edge 
barrier configurations - inclined, open baseplates. Dashed lines denote absorptive 
surfaces. The panels and barrier are equally separated in each arrangement. 
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Figure 5.14: Relative insertion losses, dB(A), for asymmetric multiple-edge barrier 
configurations - inclined, open baseplates. 
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observed at the low receiver. positions. 
The smaller profile, type (w), with 0.343 m panel separation exhibits very poor 
screening in comparison, on average 1 dB(A) relative insertion loss, comparable 
to the basic type (a) profile and is thereby the weakest of the modified designs 
considered. 
The tests on the remaining devices, (x) - (aa), investigate other panel separa- 
tions. As the panel separation increases from 0.343 m, the average relative insertion 
loss gradually increases but then reaches a local maximum around a separation of 
0.5 m (design (u)). It is noted that in maintaining the panel depth/separation ratio, 
the variation in performance cannot be attributed solely to the width the profile. 
Figures 5.15 and 5.16 compare the insertion loss spectra relative to the plane rigid 
screen (Le. insertion loss for the device - insertion loss for the screen) for several 
designs at the individual receiver positions for heights of 1.5 and 4.5 m respectively. 
The designs considered are types (a), (d), (1) and (u). The results indicate that the 
modifications generally enhance the performance of the basic asymmetric multiple- 
edge profile at the low and high ends of the frequency spectrum. No single modified 
profile provides the greatest screening over the full considered frequency range. Con- 
trary to the experimental results of Watts et al [118) which observed that the basic 
symmetric profile was ineffective below 400 Hz (the wavelength at this frequency 
being approximately equal to the width of the profile), the BEM predictions of rel- 
ative insertion loss presented in Figures 5.15 and 5.16 indicate the basic profile to 
be effective at frequencies as low as 200 Hz. The modified profiles exhibit improved 
screening at even lower frequencies. 
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Figure 5.15: Comparison of relative insertion loss spectra at individual receiver po- 
sitions for different multiple-edge profiles; a) Receiver position (20,1.5); b) Receiver 
position (40,1.5); c) Receiver position (80,1.5); o, Type (a); x, Type (d); *, Type 
(1); [1, Type (u) - 
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Figure 5.16: Comparison of relative insertion loss spectra at individual receiver po- 
sitions for different multiple-edge profiles; a) Receiver position (20,4.0); b) Receiver 
position (40,4.5); c) Receiver position (80,4.5); o, Type (a); x, Type (d); *, Type 
(1); [1, Type (u). 
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5.3 Conclusions 
The results predicted using the boundary element method have indicated that the 
most effective design is Type (u), that with a single inclined open baseplate, provid- 
ing approximately 2.0 dB(A) additional average insertion loss relative to the basic 
plane screen. In comparison to the basic asymmetric RTB profile (type (a) in Fig- 
ure 5-5), the improvement is approximately 1.0 dB(A). Comparison of this design 
of cross-section can be made with the Calmzone device tested in Chapter 3 which, 
in addition to a series of ducts, is comprised of an inclined baseplate and a single 
additional. diffracting edge. Using the boundary element method. for the same site 
geometry, the Calmzone was observed to provide an average improvement in inser- 
tion loss of 1.0 dB(A) with the interference ducts blocked (relative to a plane rigid 
screen of the same height, 2.225 m), and 1.5 dB(A) with the ducts open. 
It is noted that these tests have been conducted on flat ground. Further simula- 
tions would be required to assess the performance of the optimised device on sites 
where the receiver is well below the top of the barrier. The in-situ tests [121] indi- 
cate that the performance of the basic device is influenced by site geometry, such 
that optimisation may be necessary for each individual site. 
Additionally, although the type (u) device is the most effective, it is of sufficient 
size (particularly in terms of depth) to impose practical limitations upon its use. 
Although the Calmzone device is of a similar depýh (0.7 m), it is only half the 
width, and constructed from lightweight plastics. Scale model tests on the multiple- 
edge profile [106] have indicated excessive wind loadings upon such a design to 
be problematic. The base panel would most likely require support from beneath, 
otherwise, structural modifications or foundation improvements would probably be 
required to support the suspended panels. 
In view of the limited improvement in screening observed in this study compared 
to the probable cost of installation, the type (u) design appears unfeasible. In view 
of this, it seems reasonable to propose that the multiple edge design is best suited 
for use on relatively level sites where the standard design, i. e. vertical reflective 
panels and no baseplate, can be adopted, or sites where the height of the receivers 
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are similar to the height of. the barrier. In other situations, other options should 
perhaps be considered first. 
The boundary element method has been shown to be a useful tool for optimi- 
sation purposes, for situations where the cross-section of the barrier is constant 
along its length. However, its application is limited to modelling geometries where 
the ground is fairly flat (although geometries with cuttings can also be simulated 
efficiently - see Chapter 2). 
Chapter 6 
Trackside Noise Barriers For 
Railways 
Noise nuisance from railways has become a major concern particularly near lines 
which carry heavy traffic at high speeds. Noise barriers are commonly used to al- 
leviate the problem. A range of experimental and theoretical studies have been 
reported on the efficiency of plane screens and other forms of noise barrier in atten- 
uating railway noise [53,67,105,63,21,116]. 
In this chapter a study is presented of the performance of various forms of track- 
side noise barrier, determined using the two-dimensional boundary element numer- 
ical method discussed in Chapter 2. The methcid has been adapted to allow for the 
simulation of dipole-type sources. 
A comparison is carried out of the performance of simple barriers and vehicle 
shapes, calculated using monopole and dipole sources, with results obtained using 
the standard UK prediction method, the Calculation of Railway Noise [33,341. 
Results are presented showing the effects of the cross-sectional profile of the rolling 
stock. Using a cross-section representative of high-speed trains, calculations have 
been carried out on a wide range of barrier profiles to establish the effect of barrier 
shape on screening performance. The barrier position relative to the track has been 
chosen using an appropriate structure gauge. 
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6.1 Selection of Source Characteristics 
Source Position 
Three main forms of noise generation occur on railway trains. Noise is generated 
from the interaction and vibration of the rails and wheels, sound is aerodynamically 
induced from the vehicle body and pantograph, and there is power unit noise (e. g. 
[110]). 
Noise from locomotives is less dependent on movement than that from the other 
sources and the array of individual source components varies with the type of vehicle. 
For high speed trains, which are of primary concern, the power units are located at 
the ends of the train. Our aim will be to predict levels which could be expected 
when the centre of the train passes the observation point, when power unit sources 
will have little contribution to the overall level, particularly for receiver positions 
relatively close to the track. 
King [70] observed that aerodynamic sound sources on a high speed train include 
pantographs and other roof-mounted equipment, bogie units and the "cut-out" areas 
of the body shell into which these are mounted, and detached flow at the head of the 
leading car. At high speeds, the latter often produces the strongest aerodynamic 
source, followed by vortex shedding from pantographs. For the most part, such 
sources have been shown [691 to be unimportant at speeds below 240 km/h although 
experimental results from studies of the French TGV-Atlantique [81] have suggested 
that this limit is actually, as high as 300 km/h. Aerodynamic noise tends to increase 
more dramatically with speed than wheel/rail noise. Measurements performed by 
Holzl et al [55] indicated that for high-speed trains the noise levels resulting from 
pantograph noise and wheel/rail noise on the front and rear power cars are similar. 
The sound propagating from the majority of aerodynamic sources on the upper 
half of the train body, the pantograph and also the locomotive exhaust outlets 
will be unobstructed by a typical low barrier of approximately 2m in height. The 
direct propagation of sound from these sources should thus be considered separately. 
Barriers 5-6 rn in height would be necessary to shield the surroundings from these 
sources. In the region of the rails and wheels noise arising from vibration and 
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interaction of these elements is significantly shielded by low barriers. The purpose 
of this investigation is to examine the attenuation of noise produced in this region. 
Van Leeuwen [115] conducted a survey of various prediction methods used to 
determine the effects of track-side noise barriers and found that from the 14 methods 
studied, 9 different source positions were used. These were located predominantly 
above either the centreline of the nearest track or the nearside rail and all at heights 
of less than 1.0m above the trackbed. Theoretical calculations carried out by Ughi 
et al [113] used a source spectrum composed of wheel/rail noise, pantograph and 
aerodynamic noise but maintained the source position at the railhead. A source 
position at the railhead was used in this investigation. 
6.1.2 Source Spectrum 
There are considerable difficulties in establishing a typical source spectrum for a 
train. Apart from individual variations between vehicles, the distribution of the 
sources is diverse and the relative contributions to the overall noise levels vary with 
speed. 
Heinsworth [52] presented wheel/rail noise spectra for several vehicle types, using 
different wheel diameters and either tread or disc-braked wheels. These included 
British Rail Mk II and Mk III carriages fitted with tread-brakes and disc-brakes 
respectively. The A-weighted spectra for the Mk III carriages is shown in Figure 
6.1. The train speed for this particular data was 160 km/hr and the measurement 
position was 25m from the nearside track. 
Figure 6.1 also shows bypass spectra established during other studies. These 
have all been adapted to values equivalent to a measurement position of 25 metres 
from the nearside track and are as follows. 
* Houtave: [62], Measured data from studies of the TGV-Atlantique to investi- 
gate the performance of noise barrier systems (Rolling stock: TGV-Atlantique, 
train speed: 300 km/h, original measurement position was at 25 m). 
e Van Der Toorn: [114], Measured data from studies of the TGV-Atlantique 
to identify the vertical distribution and strength of acoustic sources (Rolling 
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Figure 6-1: 1/3 octave band A-weighted bypass spectra for different rolling stock, 
adjusted for measurement position at 25m from the nearside track. -, Hernsworth; 
Houtave; Van Der Toorn (1); o, Van Der ToO'rn (2); x, Feldmann (1); A, 
Feldmann (2); --, Ughi. 
stock: TGV-Atlantique, train speeds: 200 km/hr (1) and 300 km/hr (2), 
original measurement position was at 25m). 
Feldmann: [421, Measured data for coaches with different wheel types from a 
study of the noise behaviour of wheel/rail-systems (Rolling stock: Carriages 
with absorber rim damping (1) and sandwich disk damping (2), train speed: 
200 km/hr, original measurement position was at 3m). 
Ughi. [113], Measured data from a study into the combined effectiveness of 
different height noise barriers. This spectrum is a combination of wheel/rail, 
pantograph and aerodynamic noise (Rolling stock: ETR 500, Train speed: 250 
km/h, original measurement position is not specified). 
Although there is considerable variation in the results shown in Figure 6.1 the 
60 100 300 600 1000 3000 
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general trend is similar, with a peak in the spectrum at approximately 1 to 2 kHz. 
The source spectrum used in the investigation was that of Hernsworth for British 
Rail Mk III disc-braked rolling stock. 
6.1.3 Source Radiation Characteristics 
Wheel/rail noise is commonly modelled by a line of incoherent dipole sources. This 
approximation gives good agreement with measured data [102]. Hohenwarter [54] 
conducted measurements at short distances for a selection of different trains and 
speeds. and found that in most cases, electrically hauled trains r4diate sound with 
dipole source characteristics. The OAL model [97] uses a combination of dipole and 
monopole sources, with the ratio 15% monopole and 85% dipole type radiation. 
6.2 Modifications Required For The Boundary El- 
ement Method 
For the purpose of this study, the standard boundary element method described in 
Chapter 2 is implemented using two sources for each track, located at the railhead 
and exhibiting either monopole or dipole type radiation characteristics. A separate 
simulation is made for each source position and the resulting predicted noise levels 
are added logarithmically. 
For a monopole source located at ro, po (r) = GO, (r, ro). A dipole source is two 
coincident monopole sources. That is, for a dipole source, 
po (r) lim 




(r, ro) u V,,,, Gpc 
Ux 
aG#,, (r, ro) + uy 
Wp, (r, ro) 
axo ayo 
where u= (u..,, uy) is a unit vector along the axis of the dipole (i. e. the axis 
of maximum emission). In the simulations we carry out we assume, as in [102], 
that u= (1,0) is in the horizontal direction. Expressions and efficient numerical 
calculation procedures for OG& (r, ro) lOxo and 9G#, (r, ro) /, 9yo are given in [19]. 
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6.3 Method and Comparison With Other Predic- 
tion Methods 
The cross-section of the track, rolling stock, ballast and sound sources is shown in 
Figure 6.2, together with a noise barrier situated at one side of the track. This is 
a multiple edge barrier configuration [26], achieved by fitting two extra panels to a 
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Figure 6.2: Basic railway cross-section 
The ground is flat and the non-rigid surfaces, namely the ballast, grass and 
absorbing barrier faces, are assumed to consist of a homogeneous porous layer with 
a rigid backing. The acoustical properties of the porous layer are given by the 
four-parameter model of Attenborough [10,11] using the parameter values given in 
Table 6.1. Type 1 ballast is equivalent to pea-gravel. Type 2 ballast is based upon 
measurements carried out as part of a study into noise barriers for the TGV [62]. 
For these preliminary tests, Type 1 ballast is assumed. 
All other surfaces are assumed rigid, with zero admittance. Receiver positions 
are located at distances of 20,40 and 80 m on the far side of the barrier and at 
heights of 1.5 and 4.5 m. A source is located at each railhead. The source spectrum 
used is that of Hemsworth for British Rail Mk III disc-braked rolling stock [52] as 
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Grass 125,000 0.50 1.67 CO 0.5 
Ballast, Type 1 9,570 0.40 1.54 0.5 0.4 
Ballast, Type 2 180,000 0.40 2.30 00 0.5 
Absorbing barrier 6,300 0.90 1.50 0.13 0.5 
Table 6.1: Parameter values used in the impedance model. 
shown in Figure 6.1. 
Several different configurations of plane screen of different heights were consid- 
ered which are described in Table 6.2. For the absorbing barrier case, only the 
traffic-facing side of the barrier was treated. Insertion losses were calculated at 
1/9th octave band centre frequencies and the results combined to obtain a broad 
band insertion loss. Results for carriages on the nearside and farside tracks were 
considered separately. Results were calculated using the boundary element method, 
for both monopole and dipole sources, and the standard UK prediction method, The 
Calculation of Railway Noise (CRN) [33]. 
Nearside t rack Farside track 
Barrier type thod 1.5 1.5 1.5 1.5 1.5 1.5 
20.0 40.0 80.0 20.0 
1 
40.0 80.0 
Monopole 3.7 0.0 -4.0 3.3 -0.7 -4.1 
1.5m rigid Dipole 3.9 0.3 -3.8 3.4 -0.7 -4.1 
CRN 9.9 9.4 8.7 6.4 5.9- 5.3 
Monopole 12.7 9.5 6.2 6.9 3.4 0.7 
1.5m absorbing Dipole 13.3 10.0 6.9 7.1 3.6 0.8 
CRN 14.3 13.8 13.1 9.6 9.2 8.5 
Monopole 15.6 11.7 8.0 9.6 6.3 2.6 
2.0m absorbing Dipole" 16.2 12.5 8.7 10.0 6.4 2.6 
Cm ir, 12 1 
Table 6.2: Comparison of broad band insertion losses, dB (A). 
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The insertion losses for the rigid barrier as calculated using the boundary element 
method are small for both monopole and dipole sources, not exceeding 4 dB(A). 
The introduction of an absorbing surface onto the track-facing side of the barrier 
significantly improves performance by reducing multiple reflections. Increasing the 
height of the absorbing barrier further improves performance at all positions. The 
differences between the monopole and dipole results increases with increasing barrier 
height, as would be expected from consideration of the emission characteristics. 
For the rigid barrier, the boundary element results are very much smaller than 
those predicted by CRN. This may be because the boundary element method over- 
estimates the effect of multiple reflections between parallel surfaces due to the per- 
fect geometry of the model and the exactly parallel faces of the rolling stock and 
barrier. There is good agreement between results from CRN and the boundary el- 
ement method for the absorbing barriers and the close receiver positions. At larger 
distances the differences are attributable to ground attenuation which is always con- 
sidered in the boundary element method. In CRN the ground effect can never exceed 
4 dB(A) and is assumed zero when the barrier is present. 
Table 6.3 presents the results from the numerical method using a dipole source 
for various plane barrier arrangements and the multiple edge barrier configuration 
shown in Figure 6.2. The results suggest that inclusion of the additional panels is 
equivalent to increasing the height of the plane absorbing barrier by at least 0.5 m. 
6.4 The Effect of Carriage Shape Upon Barrier 
Performance 
To investigate the effect of the carriage shape upon barrier performance, calculations 
were carried out using a complex cross-section characteristic of high speed trains as 
shown in Figure 6.3. This cross-section is based upon British Rail Mk IV carriages 
and is similar to the profile of TGV rolling stock which is also shown in Figure 6.3. 
The barrier position was determined using standard structure gauges [103] and 
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Nearside t rack Farside track- 


















1.5m riFd- 3.9 0.3 -3.8 3.4 -0.7 -4.1 
1.5m absorbing 13.3 10.0 6.9 7.1 . 3.6 0.8 
1.5m absorbing, & RTB panels 15.4 12.3 9.3 9.7 6.1 3.1 
2.0m absorbing 16.2 12.5 8.7 10.0 6.4 2.6 
2.0m absorbing & RTB panels 19.0 14.9 11.1 12.7 8.6 5.0 
3. Om absorbing 18.9 161 10.4 13.2 8.3 A 40 
3. Om absorbing & RTB panels 21.2 17.3 13.2 16.4 11.4 6.9 
Table 6.3: Broad band insertion losses, dB(A), for various barrier configurations. 
corresponded to the position of overhead cable masts. The impedance characteristics 
used for the ballast were those given for Type 2 in Table 6.1. Carriages on the 
nearside track were considered with a dipole source at each railhead. Results are 
presented in Table 6.4, in terms of the mean insertion loss over the 6 measurement 
positions described previously. 
Cross-section Average insertion loss, dB(A) 
type 
I 
Rigid barrier I Non-rigid barrier 
F_ SimPle 1 4.1 1 18.5 
[-Complex 1 11.4 1 17.4 
Table 6.4: Comparison of average insertion losses, dB(A), for different carriage 
profiles. 
For the case of the rigid barrier, there is a significant improvement in barrier 
screening when using the complex cross-section, an average of almost 7.5 dB(A). 
As already observed, the low values for the simple cross-section are due in part 
to the perfect geometry of the model. However, the angle of the lower surfaces 
on the complex cross-section suggests that reflected sound is directed back towards 
the ground between the train and the barrier, whilst the upper surfaces help direct 
sound above the receiver positions which have been used. 
Introducing an absorbing surface onto the track-facing side of the barrier reduces 














Figure 6.3: Cross-section for comparison of carriage shapes. -, Simple; --- 
BR Mk IV; ---, TGV 
the benefits of these inclined rigid-surfaces, leading to a similar degree of screening 
for the two carriage cross-sections. 
6.5 The Effect of Barrier Shape Upon Screening 
Performance 
To investigate the effect of the shape of the noise barrier upon the screening perfor- 
mance, the same basic geometry and sources were adopted as in Section 6.4. The 
barrier height was 2.0 m. Figure 6.4 shows the position of five of the different barrier 
profiles which were studied. The positions were chosen such that no barrier surface 
fell within the structure gauge. The top edge of the vertical barriers and those 
inclined towards the track were coincident. 
Figure 6.5 shows the individual barrier arrangements together with the corre- 
sponding mean insertion loss over the six measurement positions. In the case of 
absorbent barriers, the whole track-facing side was treated except in case d) where 















the treatment was applied to the upper 0.75 m. "I: V' denotes the result for a rigid 
barrier and "A" the absorbing case. 
Consider first the rigid barriers (Figure 6.5, designs (a), (c) and (f)). The mean 
insertion loss is in the range 7.1 - 13.5 dB(A). Of the three designs, the parabolic 
form, (c), is the least efficient. The reason for this may be that the outward sloping 
lower section of the parabolic profile is reflecting sound upwards and reducing the 
benefits of profiling the carriage sides. The screen sloping towards the carriage, (f), 
is more efficient than the plane screen when their upper edges are coincident. 
For those barriers with absorbent surfaces, the mean insertion loss is in the range 
11.8 - 17.9 dB(A). As for the rigid case, barrier (c) produces the lowest value of 
mean insertion loss. The most efficient single barrier is the plane screen (a). Other 
designs produce very similar mean insertion losses between these values, a's was 
observed by Van Tol [1161. In assessing the relative efficiency in these cases it must 
be remembered that the performance will be affected by the criteria used for the 
relative positions of the upper edges. In this investigation the position of the upper 
-2 -1 
Distance from barrier (m) 
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2.5 2.5 
R: 11.35 dB(A) d) A: 14.55 dB(A) 
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Figure 6.5: Average insertion losses, dB(A), for the barrier arrangements tested 
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edges are coincident. Other studies [63,21], in which the feet of the barriers are 
coincident, report that screens inclined towards the track are the most effective. For 
the partially absorbing barrier, (e), the mean IL is midway between that achieved 
using either a fully rigid or fully absorbing barrier. In this instance, screening will 
be improved by increasing the proportion of the barrier surface which is absorbent. 
Enhanced screening can be achieved by incorporating multiple edge devices, as 
was observed by Rudolphi and Akerl6f [105]. For the complex train cross-section, 
the insertion loss of the multiple edge device is approximately 0.5 dB(A) greater 
screening than that for the plane absorptive barrier. This is not as significant as 
was observed during the preliminary tests with a simple cross-section, where the 
improvement was equivalent to a 0.5 m increase in barrier height. 
6.6 Conclusions 
The boundary element numerical method is a useful tool for investigating the rela- 
tive efficiency of various forms of track-side noise barrier for railways. The results of 
the two-dimensional method can be interpreted in three dimensions as equivalent to 
those for a coherent line source of sound. The results are expected to be represen- 
tative of levels obtained when the centre of the train passes the observation point. 
Sources at the railhead have been used which are appropriate for a variety of 
sources below the level of the upper edge of the noise barriers. Aerodynamic and 
power unit noise above the barrier will not be attenuated and have not been con- 
sidered. 
The difference in barrier insertion loss resulting from assuming monopole and 
dipole source characteristics is quite small, but becomes more important as the 
height of the barrier increases. 
The results obtained using the numerical method suggest that for any particular 
shape, an absorbent barrier provides much better screening efficiency than the rigid 
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equivalent. The cross-section of the rolling stock significantly affects the performance 
of rigid barriers. The screening efficiency of such barriers is poor whdn the sides of 
the rolling stock are vertical. However an average improvement in insertion loss of 
up to 7.5 dB(A) for a2m high barrier results when the upper and lower surfaces 
of the vehicle sides are inclined; this helps to redirect reflected sound either towards 
the trackbed or upwards. Such profiles are commonly used, particularly on high 
speed trains. 
If the position of the upper edge is fixed, the results suggest that vertical absorp- 
tive barriers provide more effective screening than those tilted towards the track, 
since the benefits of using profiled rolling stock are eliminated. The addition of mul- 
tiple edges to a barrier provides additional insertion loss of up to 3.0 dB(A) without 
any increase in height for carriages with vertical sides. The average improvement is 
0.5 dB (A) for profiled rolling stock. 
Chapter 7 
Conclusions 
The performance of outdoor noise barriers has been investigated using both numer- 
ical modelling, through application of the 2-D boundary element method, and full 
scale testing. 
The two-dimensional boundary element method is well proven for the study 
of road traffic noise barriers. However certain characteristics of the method place 
limitations upon its application. Providing that these limitations are realised, then 
the method is an effective prediction tool. Modifications have been made, and 
presented in Chapter 2, in order to improve its computational efficiency so as to 
extend the types of cross-section which can be modelled with this method. 
The first improvement has been to adapt the method to allow for the efficient 
simulation of cross-sections in which the noise barrier or barriers sit on flat ground 
which consists of ground of two distinct impedance values, particularly parallel bar- 
rier cross-sections where the outlying ground is different to that between the barriers. 
The results obtained give reasonable agreement with those predicted using the ex- 
isting method, although there is some suggestion that accuracy is reduced when the 
flow resistivity of the outlying ground is low. The reduction in computation time 
through using the modified procedure is considerable, being as much as 90%. Suc- 
cessful application of the procedure has been reported for the study of both parallel 
barrier arrangements and cases of single barriers where different ground types exist 
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on either side of the barrier. 
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The second modification to the method has been made to extend the efficient 
application of the method to cross-sections where a cutting lies below the level of 
the main ground plane. The revised method is a three-stage approach. Testing 
using an incident plane wave and comparison with results predicted using a coupled 
integral equation method indicate that the modified procedure is accurate in its 
calculations and that the approximations used are good. Comparisons with the 
existing boundary element method are generally very good although the predictions 
for cross-sections incorporating rigid ground either as the outlying ground plane or 
the cutting floor show some discrepancy. This has been shown *to be largely due 
to the occurance of eigenfrequencies in either the existing method or the modified 
procedure. The reduction in CPU time has been shown from these tests to be 
commonly of the order of 70-80%, although this is dependant on the position of 
the receivers relative to the cutting. The approach also requires significantly less 
memory. 
In Chapter 3, full scale measurements and boundary element simulations have 
been performed upon a commercially available interference device, Calmzone, which 
is known to improve the insertion loss of a plane screen. The measurements have 
shown that the device increases the average screening performance by 1.9 dB(A) 
when compared with a simple barrier of identical height. However, the improve- 
ment was not as significant as that observed during previously reported tests on 
multiple-edge barrier profiles [118), which when mounted on a plane reflective screen 
improved the average insertion loss of the screen by 2.5 dB(A). The boundary ele- 
ment predictions of the interference device showed less improvement, although the 
effect of blocking the ducts of the device was similar. The device produced consistent 
improvement in screening over a wide area, although some variation was observed 
depending upon the source position. It is considered that the primary reason for 
the noise reduction is the presence of the back panel which behaves as a second 
diffracting edge. The results obtained here suggest that approximately one third 
of the reduction produced is attributable to the interference effect produced by the 
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phase delay introduced by the stacked vent system. The results further validate the 
use of the boundary element method as a prediction method. The method would be 
an effective means of attempting to optimise the performance of such an interference 
device. 
In Chapter 4, the boundary element method has been applied to the study of 
parallel barrier arrangements where the source is located between the barriers. A 
modification has been proposed which is intended to reduce the effects of over- 
estimation of multiple reflections in the model. Providing account is taken of the 
perfect geometry and any reflective surfaces within the cross-section, the method 
is an efficient tool for studying parallel barrier arrangements, particularly if the 
two-impedance ground modification of Chapter 2 is used. The development of a 
straightforward approximation has allowed the transformation of line source results 
to those of a point source. Whilst this adjustment procedure does not provide re- 
sults detailing the absolute performance of the barrier, combining data from stages 
of this adjustment with data from the original boundary element method allows the 
insertion loss of such an arrangement using multiple point sources to be calculated. 
There was reasonable agreement with experimental data from full-scale measure- 
ments: errors between the two may be due to inadequately modelling the ground 
conditions. 
Full scale measurements and boundary element simulations suggest that, for 
the geometries studied, the introduction of a reflective screen on the farside of the 
carriageway degrades the performance of a plane rigid screen by approximately 4 
dB(A) for a line source. The introduction of absorptive treatment reduces the 
degradation loss by minimising reflections in the far barrier. Tests on a range of 
barrier configurations show that the use of absorptive, tilted and median barriers 
can significantly reduce the degradation loss. 
multiple-edge barrier configuration, the RTB profile, is known to offer im- 
proved screening performance over a plane screen. Reported in-situ measurements 
have suggested the behaviour to be influenced by site geometry. Boundary element 
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calculations have been used. to optimise the design to minimise this influence. The 
results predict that the most effective design is that with a single inclined open 
baseplate, providing approximately 2 dB(A) additional average insertion loss rela- 
tive to the basic plane screen. In comparison to the basic asymmetric RTB profile, 
the improvement is approximately 1dB(A). Boundary element predictions of the 
Calmzone interference profile, which includes an inclined baseplate and a single ad- 
ditional diffracting edge, have shown this device to provide approximately 1 dB(A) 
additional insertion loss relative to a plane screen of the same height when the 
interference ducts of the Calmzone are blocked. 
It is noted that these tests have been conducted on flat ground. Further simula- 
tions would be required to assess the performance of the optimised device on sites 
where the receiver is well below the top of the barrier. Due to the large dimensions 
of the device, the design may not be particularly practical, and the cost of installa- 
tion may outweigh the acoustic performance benefits. It appears from the previous 
roadside measurements that the basic RTB profile is best suited to site conditions 
where the height of the receiver positions are such that they lie close to the level of 
the top of the barrier. The boundary element method has been shown to be a par- 
ticularly useful tool for optimisation, although less so if the ground being modelled 
is not level. 
In Chapter 6, it has been demonstrated that the boundary element method is a 
useful tool for investigating the relative efficiency of various forms of track-side noise 
barrier for railways, particularly with a modification to allow for the simulation of 
dipole sources. The results obtained using the numerical method suggest that for 
any particular shape, an absorbent barrier provides much better screening efficiency 
than the rigid equivalent. The cross-section of the rolling stock significantly affects 
the performance of rigid barriers. The screening efficiency of such barriers is poor 
when the sides of the rolling stock are vertical. However an average improvement 
in insertion loss of up to 7.5 dB(A) for a2m high barrier results when the upper 
and lower surfaces of the vehicle sides are inclined; this helps to redirect reflected 
sound either towards the trackbed or upwards. Such profiles are commonly used, 
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particularly on high speed trains. If the position of the upper edge is fixed, the 
results suggest that vertical absorptive barriers provide more effective screening than 
those tilted towards the track, since the benefits of using profiled rolling stock are 
eliminated. The addition of multiple edges to a barrier provides additional insertion 
loss of up to 3.0 dB(A) without any increase in height for carriages with vertical 
sides. The average improvement is 0.5 dB(A) for profiled rolling stock. 
7.1 Recommendations For Future Work 
Although work has been reported on the development of 3-D boundary element 
methods [17,381 for the prediction of propagation from a point source, the com- 
putation requirements are considerable. Furthermore, the 3-D boundary element 
method [37,38] proceeds via a partial Fourier transform, by transforming the 3-D 
problem to a sequence of 2-D problems of the type studied in Chapter 2. Conse- 
quently, the 2-D boundary element method discussed in Chapter 2, whether in its 
original or modified form, is still a useful tool. The most immediate requirement is 
the modification of the 2-D method to eliminate the occurrence of eigenfrequencies 
(Note 3, page 16) which have been shown in Section 2.3.3 to reduce the accuracy of 
the modified approach for modelling cuttings. The proposed modification uses the 
equations derived in Section 2.3 for the partial derivatives of the integral equation. 
The 2-D method described is currently being adapted by the author to model a 
3-D' incoherent line source (c. f. [37,38] ), rather than a coherent line source, but at 
the cost of greatly increased computation time. 
The results obtained from the full scale measurements and simulations of the 
Calmzone device reported in Chapter 3 indicate the extent to which this interference 
device is effective in reducing A-weighted road traffic noise levels when installed 
on an existing noise barrier. Although the relative contributions of the different 
screening mechanisms have been identified, further study is required to establish if 
the dimensions of the ducts on Calmzone are such as to attenuate specific frequencies. 
The spectra presented in Chapters 3 and 6 illustrate how the dominant frequencies 
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differ between road traffic and railway noise. The studies of Calmzone using railway 
noise sources [48,71] showed the introduction of the device providedup to 6 dB(A) 
additional insertion loss, far greater than observed by the author on the Noise Barrier 
Test facility. Whilst maintaining the overall form of the device, further investigation 
may allow the characteristic dimensions of the device to be successfully "tuned" to 
attenuate noise from specific forms' of transport. 
The investigations into parallel barrier arrangements reported in Chapter 4 have 
revealed the potential benefits of using low median barriers in conjunction with 
typical roadside noise barriers. Further experimental and theoretical work is required 
to investigate the effects of varying the height and geometry of such barriers. In 
view of the safety requirements which would need to be satisfied, the cross-sections 
necessary may be complex, e. g. Armco safety fences as currently installed on most 
motorways. Consequently, the use of the boundary element method in such studies 
would be advantageous. 
The optimisation of the multiple-edge noise barrier configuration in Chapter 5 
using the boundary element method was restricted to flat ground, although the 
modifications made during the optimisation process were in the light of poor ex- 
perimental results on one M25 site, where the receiver positions were located well 
below the top edge of the barrier [121]. A consideration of mechanisms for the 
reduced performance in this case (see page 148) suggested closing the base of the 
device or treating the panels with sound absorbent material to minimisc sound leak- 
age. Further study using the boundary element method is necessary to identify 
if the optimised device offers improvements in such cases, or whether some other 
more efficient profile can be obtained. The continuing improvements in the speed 
and power of personal computers will allow this to be efficiently carried out. Fur- 
thermore, modifications to the boundary element method described in this thesis 
to allow the efficient simulation of cross-sections involving embankments are being 
carried out. Such advances may allow a far more detailed optimisation study to be 
performed. 
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With the increasing introduction of high speed railway lines, the abatement 
of railway noise is becoming more important. In comparison to road traffic noise 
and the use of porous road surfaces, the reduction of noise due to improvements 
in the track is limited. Consequently the development of efficient noise barriers, as 
reported in Chapter 6, is likely to continue. Further investigations are recommended 
to. investigate the benefits of low noise barriers placed in close proximity to the 
track in addition to those positioned at the limit of the structure gauge as in this 
study. The barrier positions in Chapter 6 (not less than 2.08 m from the centrc of 
the nearest track) have been chosen to correspond to structure gauges for existing 
UK railway lines (Appendix C of [103]). It is expected that new railway lines will 
comply with European regulations, in which the structure gauge limit is at a greater 
distance from the track (4.167 m, Appendix B of [103]). Additional work is required 
to establish if the conclusions drawn here are applicable to barriers complying with 
the new regulations. 
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Appendix A 
FORTRAN BEM Model Input 
and Output Files 
The operation of the FORTRAN encoded boundary element method requires two 
input files, TINPUT and TINPUTSP, to be created by the operator. These files 
contain the geometrical configuration of the cross-section under study (including 
the positions of all sources and receivers), the acoustic properties of the ground and 
barrier surfaces, and the spectral information related to the individual sources. The 
sample files included in this Appendix are used with the most recent version of the 
computer program, which incorporates the -modifications described in Sections 2.2 
and 2.3. 
The output from the computer model is stored in a file, TOUTPT. In addition to 
a summary of the data provided in the TINPUT file, the results (Excess Attenuation 
(EA), Sound Pressure Level (SPL) and Insertion Loss (IL)) are listed by frequency 
as can be seen from the sample file included in this Appendix. 
A. 1 The TINPUT datafile 
The TINPUT file contains the geometrical data necessary to define the cross-section 
in the boundary element method. From Chapter 2, that part of the cross-section to 
be discretized, 7, is defined as 7 -",,: r, u r2, where r2 includes only those surfaces 
where y>0 and r, only those surfaces where both y=0 and 6 --54 #, -. 
In the file 
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,y is described by a polygonal arc, the co-ordinates of the corners being specified. in 
an anti-clockwise sequence to ensure that the unit normal is always directed out of 
the medium of propagation. 
The required impedance model (either that of Delany and Bazley [31] or At- 
tenborough [10,11]) is selected and then the surface properties between adjacent 
corners specified. A class number of I denotes that a side is present between the 
corners, and 2 that no side is present. Each side present is assumed to have the 
acoustic properties appropriate to a homogeneous porous layer of thickness d, with 
an acoustically rigid backing. The parameters values required for the individual 
models are as follows: 
For the Delany and Bazley model: the effective flow resistivity of the layer, 
aE (in NsM-4) , and the 
depth of the porous layer, d (in metres). 
For the Attenborough model: the. effective flow resistivity of the layer, a. 
(in Nsm-), the effective depth of the porous layer, d, the porosity of the 
layer, 0, the tortuosity of the layer, q (q 2 is referred to as the tortuosity in 
some references), and the dominant angle of incidence (specifying a zero value 
amounts to an assumption of a locally reactive surface). Here, a, = (4 2a)ISI, S; 
a being the flow resistivity in NsM-4, sp the pore shape factor (sp = 0.5 for 
circular pores) and d,, = d4. The notation used here is that of [18]. 
Finally, the number and coordinates of the source and r. eceiver positions are 
specified. The last 3 lines of the input file are related to the degree of detail contained 
in the TOUTPUT file and the number of receiver positions used to calculate the 
mean insertion loss at each frequency. 
The sample TINPUT file listing on the following pages (Figure A. 2) applies to the 
cross-section shown in Figure A. 1 where is defined as being that for the ground 
outside of the barrier arrangement. It should be noted that the cross-section is 
described so as not to use the two-imipedance ground modification, i. e. the standard 
boundary element method will be used to perform the calculations. To use the 
modifications of Sections 2.2 and 2.3, the only changes to the input data are in the 





Figure A. I: Parallel barrier arrangement defined in sample TINPUT file. Dimen- 
sions in metres. 
definitions of the class number and the need to use different parameter vahies for 
the Stage I and Stage 2 ground conditions. 
A. 2 The TINPUTSP file 
This file contains the spectral data to be used within the computer program. Mul- 
tiple source spectra can be specified within this file. At each frequency, the eleinent, 
length to be used in the discretization is specified as a fraction of a wavelength, 
together with the source strength in dB, measured at 1.0 in in free-field conditions, 
for each chosen spectrum. To calculate an A-weighted broad-band level within the 
computer program, it is necessary to include an A-weighted spectrum in this input, 
file. Calculations are usually performed at either third-octave or ninth-octave band 
centre frequencies. 
The sample TINPUTSP file included in this Appendix (Figure A. 3) contains a 
single source spectrum. 
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A. 3 The TOUTPT Output File 
This is the primary output file generated by the computer program and contains a 
summary of the data provided in the TINPUT file, with the results then listed by 
frequency. 
For each frequency, the Sound Pressure Level (SPL), Excess Attenuation (EA) 
and Insertion Loss (IL) are presented for each receiver position specified in the final 
line of the TINPUT file. Following the individual frequency results, the same data 
is presented for the corresponding broad band spectrum. If multiple source spectra 
are specified in the TINPUTSP file, individual frequency results are only presented 
for the first spectrum. The results for the other spectra are given only in broadband 
terms as above. 
The sample TOUTPUT file included in this Appendix (Figure A. 4) is based 
upon calculations performed using the included TINPUT and TINPUTSP files, 
corresponding to the cross-section of Figure A. l. 
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3 800000 -1.0 0.5 1.5 0.0 
I IE20 0.0 1.0 1.0 0.0 
I IE20 0.0 1.0 1.0 0.0 
I lE20 0.0 1.0 1.0 0.0 
4 lE20 0.0 1.0 1.0 0.0 
I IE20 0.0 1.0 1.0 0.0 
I IE20 0.0 1.0 1.0 0.0 
I IE20 0.0 1.0 1.0 0.0 
3 800000 -1-0 0.5 1.5 0.0 
lE20 0.0- 1.0 1.0 0.0 






















Ground stage I 
Ground stage 2 
No of sources 
Source coordinates 
No of receivers 
Coordinates 
of receivers 
Cancel detailed output 
Mean over 6 receivers 
Output for 6 receivers 
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Figure A. 3: Sample TINPUTSP file 
18 1 No of frequencies & spectra 
100.000 0.0300 56.9 
125.893 0.0350 56.3 Frequency (in Hz), element 
158.489 0.0400 57.5 length as a fraction of a 
199.526 0.0450 62.1 wavelength, and SPL (0) at 
251.189 0.0500 63.3 1.0 m from the source 
316.228 0.0600 66.0 
398.107 0.0700 68.0 
501.187 0.0800 71.0 
630.957 0.0900 75.8 
794.328 0.1000 80.1 
1000.000 0.1250 83.9 
1258.925 0.1250 80.8 
1584.893 0.1250 78.3 
1995.262 0.1250 75.2 
2511.886 0.1250 73.1 
3162.278 0.1600 69.7 
3981.072 0.2000 65.8 
5011.872 0.2500 61.9 
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Figure A. 4: Sample TOUTPT file 
PROGRAM ILVIOCM RUNNING SUBROUTINE BAR19E 
----------------------------------------- 
THE FOLLOWING ELEMENT LENGTHS ARE USED IN THE BOUNDARY 
ELEMENT METHOD. 





















SOURCE NO. X/METRES Y/METRES 
---------- -------- -------- 
1 5.62 0.05 
GROUND AND BARRIER ELEMENTS ARE MODELLED USING THE 
ATTENBOROUGH MODEL 
THE TRUE GROUND SURFACE CHARACTERISTICS, USED AT 
THE 2ND STAGE OF THE CALCULATION, ARE: 
EFFECTIVE FLOW RESISTIVITY 800000. SI UNITS 
POROUS LAYER DEPTH IS INFINITE 
POROSITY = 0.500 
TORTUOSITY = 1.500 
DOMINANT ANGLE OF INCIDENCE = 0.0 DEGREES 
THE GROUND SURFACE CHARACTERISTICS, USED AT 
THE IST STAGE OF THE CALCULATION, ARE: 
EFFECTIVE FLOW RESISTIVITY 800000. SI UNITS 
POROUS LAYER DEPTH IS INFINITE 
POROSITY = 0.500 
TORTUOSITY = 1.500 
DOMINANT ANGLE OF INCIDENCE = 0.0 DEGREES 
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COORDINATES OF BARRIER CORNERS: 
CORNER NO. X/METRES Y/METRES 
1 10.00 0.00 
2 10.00 2.00 
3 9.88 2.00 
4 9.88 0.00 
5 0.12 0.00 
6 0.12 2.00 
7 0.00 2.00 
8 0.00 0.00 
POSITIONS AND SURFACE PROPERTIES OF BARRIER SIDES: 
SIDE EFFECTIVE POROUS DOMINANT 
CORNER BETWEEN CLASS FLOW LAYER ANGLE OF 






















2 3 YES I IE20 0.00 1.000 1.000 0.0 
3 4 YES I IE20 0.00 1.000 1.000 0.0 
4 5 YES 1 IE20 0.00 1.000 1.000 0.0 
5 6 YES I IE20 0.00 1.000 1.000 0.0 
6 7 YES I IE20 0.00 1.000 1.000 0.0 
7 8 YES 1 IE20 0.00 1.000 1.000 0.0 
SOURCE SPECTRUM NUMBER 1 
------------------------- 
THIS SPECTRUM IS THE SINGLE FREQUENCY 100 HZ. 
RECEIVER X-COORD. OF Y-COORD. OF 
NUMBER RECEIVER/M 
- 













2 -40.00 1.50 39.84 0.46 5. TT 
3 -80.00 1.50 37.31 0.26 5.34 
4 -20.00 4.50 39.45 3.30 8.59 
5 -40.00 4.50 38.93 1.36 6.38 
6 -80.00 4.50 36.69 0.88 5.52 
THE MEAN INSERTION LOSS OVER THE FIRST 6 
RECEIVER POSITIONS IS 6.37 DB. 
SOURCE SPECTRUM NUMBER 2 
------------------------- 
THIS SPECTRUM IS THE SINGLE FREQUENCY 126 HZ. 
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-20.00 1.50 55.79 -13.58 -8.36 
2 -40.00 1.50 53.97 -14.27 -9.26 
3 -80.00 1.50 51.19 -14.22 -9.57 
4 -20.00 4.50 49.28 -7.13 -2.04 
5 -40.00 4.50 51.73 -12.04 -7.33 
6 -80.00 4.50 50.14 -13.17 -9.03 
THE MEAN INSERTION LOSS OVER THE FIRST 6 
RECEIVER POSITIONS IS -T. 60 DB. 
SOURCE SPECTRUM NUMBER 3 
------------------------- 
THIS SPECTRUM IS THE SINGLE FREQUENCY 168 HZ. 
RECEIVER X-COORD. OF Y-COORD. OF 
NUMBER RECEIVER/M RECEIVER/M SPL/DB EA/DB IL/DB 
1 -20.00 1.50 46.71 -3.31 1.60 
2 -40.00 1.50 45.26 -4.35 0.22 
3 -80.00 1.50 42.39 -4.21 -0.20 
4 -20.00 4.50 41.69 1.66 6.52 
5 -40.00 4.50 41.52 -0.63 3.70 
6 -80.00 4.50 40.89 -2.72 0.78 
THE MEAN INSERTION LOSS OVER THE FIRST 6 
RECEIVER POSITIONS IS 2.10 DB. 
SOURCE SPECTRUM NUMBER 18 
------------------------- 
THIS SPECTRUM IS THE SINGLE FREQUENCY 5012 HZ. 
RECEIVER X-COORD. OF Y-COORD. OF 











2 -40.00 1.50 39.87 5.43 -6.23 
3 -80.00 1.50 34.53 8.04 -8-58 
4 -20.00 4.50 50.17 -2.42 -4.66 
5 -40.00 4.50 46.96 -1.67 -6.02 
6 -80.00 4.50 42.37 0.20 -7.99 
THE MEAN INSERTION LOSS OVER THE FIRST 6 
RECEIVER POSITIONS IS -6-01 DB. 
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SOURCE SPECTRUM NUMBER 19 
------------------------- 
THIS SPECTRUM IS SPECTRUM NO. 1 AS SUPPLIED IN FILE TINPUTSP. 













-20.00 1.50 68.40 5.77 2.72 
2 -40.00 1.50 66.32 5.35 -1.29 
3 -80.00 1.50 63.41 5.52 -5.44 
4 -20.00 4.50 74.81 , -0.70 0.60 
5 -40.00 4.50 69.70 1.95 1.11 
6 -80.00 4.50 65.16 3.77 -0.44 
THE MEAN INSERTION LOSS OVER THE FIRST 6 
RECEIVER POSITIONS IS -0.46 DB. 
